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FOREWORD

This report covers the first, and analytical, phase of a program to

investigate piloting problems of carrier approach using systems analysis

methods to attack the problem. The research was sponsored by the
Airframe Design Division of the Bureau of Naval Weapons under Contract
NOow 61-0519-c. Mr. C. H. Cromwell served as project engineer, and

Mr. Harold Andrews served as technical monitor for the Bureau of Naval
Weapons.

Special mention is due to Mr. Tulvio Durand for his contributions to
the technical appendices of the final report, and to R. N. Nye and
D. Lewis for their careful work in preparing the manuscript.



ABSTRACT

The pilot's longitudinal control of an aircraft making a carrier
approach is studied using systems analysis techniques. The pilot,
airframe, and mirror optical landing aid are considered as elements
in a closed-loop system. Mathematical expressions to approximate each
element are derived or described. Various possible piloting techniques
are examined by appropriately varying the pilot's transfer function,
and by closing multiple control loops around the system. The question
of whether the pilot should use stick or throttle for altitude control
is examined. It is shown that the minimum approach speeds of five out
of seven jJet aircraft, all limited by the "ahility to control altitude
and arrest rate of sink,"” can be predicted if it is assumed that the
pilot uses throttle for altitude control.
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8YMBOLS

} Polynomial coefficients

Coefficients of the independent motion quantities (Eq A-16) in
equetions of motion

Drag coefficient

Pitching moment coefficient
Dreg

Acceleration due to gravity
Open-loop transfer function
Altitude, positive upward

Altitude displayed by mirror, i.e., the distance the meatball
is below (above) the datum bar (Fig. 1)

Moment of inertia about the Y axis

Open-loop gain; the frequency-invariant portion of a transfer
function as 8 =» 0, particularized by subscript

Mass (Eq B-3)

Pitching acceleration due to externally applied torques
Numerator of q;/8, or q;/8p transfer function,.particularized
by eubs;.ituting motion quantity involved for q (see Eq A-8
and A-9

Coupling numerator, particularized by substituting motion
quantities involved for qi, qj (see Eq A-23)

Pitching velocity; general symbol for motion quantity
Range, distance from aircraft to mirror (Fig. 1)
Iaplace operator, g + jw

Time constant, particularized by subscript

Pilot-adopted lag time constant
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Pilot-adopted lead time consztant
Pilot-adopted neuromuscular lag time constant
Linear perturbed velocity along the X axis
Linear steady state velocity along the X axis
Linear perturbed velocity along the Z axis
Distance from source light to mirror (Fig. 1)
Forward acceleration along the X axis

Pilot describing function (Eq 1), particularized for the control loop
involved by suitable subscripts (see, e.g., Eq 12)

Vertical distance between c.g. and thrust line, positive downward

Vertical acceleration along the Z axis

Instantaneous angle of attack (deg)

Angle of attack of the thrust line

Flight path angle

Control deflection, particularized by subscript
Increment change

Denominator ot airframe transfer functions; characteristic equatinn
when set equal to zero

Instantaneous glide path angular error (Fig. 1)

Damping ratio of linear second-order transfer function quantity,
particularized by subscript

Pitch angle

The real portion of the complex verieble, s = ¢ £ jw

Pilot reaction time |

Frequency; Jw is the imaginary portion of the complex variable, s = 0 % jw

Undamped natural frequency of a second-order mode, particularized by
subscrint
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Subscripts

CL

Command; controlled element (vehicle)

Closed loop

Elevator, as in &,

Incremental error

Mirror

Minimum

Pilot, as in 8p for pilot's controlled deflection
Phugoid '

Short period

Throttle, as in &p

Pertaining to control of the variable indicated, as in Ag, Kph’ ete.

Indicates partial derivative, e.g., M; = g:—:, ZBT = ?&z

Primes on a transfer function or time constant indicate that it has
been modified by inner-loop closures, the number of primes corre-
sponding to the number of closures.
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SECTION I
INTRODUCTION

A. BACKGROUMD OF THE REPORT

As new generations of high performance carréler-fased aircraft are designed
and introduced into fleet operation, the carrier-landing approach speed
increases. These speeds are reaching the point of arresting gear limits, are
posing aircraft structure design problems, and are causing piloting problems
attributed to fast closure rates between aircraft and carrier. The remedy to
all of these problems is simply to reduce approach speeds, yet the effect of
modern design trends has been to increase thenm.

As speeds increase it also becomes more important to predict at the design
stage what the eventual pilot-selected approach condition will be, and this
requires an appreciation of the factors that cause the pilot to set his mini-
mum allowable value. Early attempts at predicting approach speeds simply
chose a fixed margin above the power-on stall speed, usually about 15 percent.
With the advent of sweptwing jJet aircraft it was soon found that this simple
criterion was no longer adequate and more elaborate methods were devised.
Pilots were complaining of problems in controlling the aireraft, both longi-
tudinally and laterally, so the second ger vation of approach speed criteria
considered the ability of the sircraft tu maneuver, usually in response to
discrete step-type control inputs (e.g., Ref. 1). Criteria based on this
concept have enjoyed only limited success in predicting approach speeds and
have not led to a real understanding of the piloting problems because they do
nct realistically consider the pilot's role in control of the aircraft.

A fundamentally different approach to the problem is used in this report.
The pilot, his aircraft, and the mirror display are regarded as elements of a
closed-loop feedback control system. The pilot is assumed to perform the
same role as an autopilot In an automatic landing system; that is, he compares
vhat the aircraft is doing with what he wants it to do and he actuates the
controls in response to the errors that he observes in altitude, airspeed,
etc. Thus he performs the sensor-actuator function of the autopilot. The
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analytical method, using this concept, employs the well-developed mathematical
techniques of servo system analysis which are used to study any automatic
flight control system. The evaluation process at any given approach speed
(and tterefore fixed vehicle dynamics) consists of meking a series of loop
closures while varying the pilot's mathematical "autopilot” characteristics.
When a near-optimum closed-loop system has becn obtained the results are
Judged by two criteria: First, ls the closed-loop performance, as a tracking
system, adequate for the assigned task (in this case to successfully complete
the approach to a carrier landing)? Second, does attainment of that system
performance require too much dynamic equalization from the pilot? (This
latter point refers to the adaptive capability of the pilot and whether this
capability is being exceeded or not.)

As approach speed is lowered and the aircraft's dynamic characteristics
change, some speed is found below which these criteria can no longer be
satisfied. This 1s predicted to be the minimum acceptable approach speed.

The cause of the limitation is connected with airframe dynamics, defined in
the terms used in control systems analysis (i.e., frequencies, damping ratios,
etc.). However a knowledge of the relationship between these airframe trans-
fer function parameters and their associated aerodynamic stability derivative.
(i.e., approximate factors of the transfer functions in terms of stability
derivatives, as given in Ref. 2) allows the approach speed limit to be related
to the aircraft's basic aerodynamics. The net result of the investigation is
therefore the same as with other prediction methods: aerodynamic characterise-
tics are correlated with the minimum approach speed. It is only the analytical
concept of treating the problem as a closed-loop system problem which differs
from previous methods.

The treatment of handling qualities problems by servo analysis techniques
has been a slowly evolving process. Early programs were aimed at measuring
and analyzing the dynamic characteristics of the human pilot (i.e., his
"transfer function"); much of this work up to 1956 is swmarized in Ref. 3.
Lateral and longitudinal attitude¢ control, using the mathematical model of
the pilot determined in Ref. 3, are examined analytically in Ref. 4 and 5,
and the basic theory thereby developed is confirmed by the handling qualities
flight and simulator tests reported in Ref. 6 through 9. A general summary

[)b]



of this systems viewpoint of bandling qualities is given in Ref. 9, which
also contains a preliminary exposure of some results of the present study.
The interested reader is referred to these reports for further documentation
and an extensive bibliography on the subject. Section II of this report
contains a description of the pilot's servo characteristics in adequate
detail for this report.

B. BCOPE OF THE REPORT

The factors that pilots report as defining the minimum approach speed can
arbitrarily be divided into two categories, static and dynamic. As used here,
static factors are those which can be predicted from geometry or aerodynamic
performance considerations, such as cockpit visibility limits, maximum attitude
for tail-to-deck clearance, proximity to stall, prestall buffet; dynamic
factors are those indicating controllability problems. Typical pilot descrip-
tions of the latter are control sensitivity, lateral-directional control,
ability to control pitch attitude, and ability to control altitude or arrest
rate of sink. This type of factor is dynamic in that it involves the air-
craft's dynamic stability and control characteristics, or, in the context used
in this report, it involves the aircraft's characteristics as a control system
element.

Since the analysis method used herein treats the pilot-aircraft-mirror
combination as a system, the type of problem studied is necessarily limited to
the "dy—amic" factors mentioned above. Further restricting the scope, only
longitudinal control problems characterized by "the ability to control altitude
or arrest rate of sink" are considered. Such problems are the most mysterious
of those currently encountered and appear to require more than the present
repertory of analysis procedures (including Ref. 4 and 5) to explain. Finally,
even in this case, any possible effects due to low static margin, or aft c.g.,
are eliminated to reduce the initial complexity of the problem. This allows
examination of only the basic longitudinal control factors involved in the
ability to control altitude or arrest rate of sink.



C. OUTLINE OF THE REPORT

The next section describes the system aspects of the approach problem and
includes a brief mathematical description of the elements of the system: the
airframe, pilot, and mirror display. Appropriate transfer functions are
derived or described with reference to derivations contained in Appendix A.

Section III summarizes the closed-loop system characteristics of the three
potential control techniques available to the pilot and discusses their impli-
cations with respect to approach handling gualities. Generic properties of
these control systems are shown in Appendix B, and a specific airplane example
is given in Appendix C.

One of the control techniques from Section III is used in Section IV,
in conjunction with simplified equations of motion, to derive a criterion for
predicting the minimum acceptable approach speed. This criterion is shown to
predict successfully the flight test minimum speed for five of seven aircraft
specifically limited by the factor "ability to control altitude or arrest rate
of sink.,"

The final section summarizes the results of the previous two sections,
considers certain paradoxical questions raised therein, and recommends research
directed to answering these (and other) questions.
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BECTION II
SYSTEM ASFECTS OF CARRIER AFFROACH

A. THE SYSTEM

In this section the analogy of the pilot-aircraft-mirror complex to a
closed-loop feedback control system is developed, and the mathematical
description of each of the elements is discussed.

Figure 1 is a sketch of the aircraft-mirror-carrier geometry. A source
light aft of the mirror is reflected by the mirror to the pilot. He sees an
orange disc in the mirror, termed the "meatball." A glide slope is set by
a row of horizontal green datum lights (adjacent to the mirror) which appear
at the same height as the meatball when the aircraft is on the correct
approach path. When the aircraft gces below the preset glide slope (usually
set at 4°) the meatball drops below the datum bar, and when the aircraft
climbs the meatball climbs. Thus altitude errors as seen by the pilot
correspond to vertical displacements (on the mirror) between the meatball
and the datum bar. These display errors are limited only by the depth of
the light cone, which allows a maximum angular error of 3/4°. (The kine-

matics of the display are defined more explicitly in a later part of this
section.)

L) - E————
.\_ Datum B:; I

\~ Meatball

Figure 1. Geometry of the Aircraft-Mirror-Carrier System
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The other variables which the pilot can monitor are pitech attitude, by
reference to his outside-of-cockpit visual field, and airspeed and angle of
attack. The latter two require some form of indicator since the pilot has
no direct way of determining their value.

Since the pilot performs the same feedback operation as an autopilot (at
least as regards control of altitude error), an autopilot type of system
block diagram with the human pilot performing the sensor-actuator functions
of the autopilot is appropriate. Such a block diagram is shown in Fig. 2,
where all probahle feedback quantities and the two control output possibili-
ties, stick and throttle, are indicated. The exact pilot role is completely
unspecified in Fig. 2, and the determination of the possible feedbacks that
can be effectively used and the details of such usage are the object of the
systems analysis activities reported in Sections III and IV. Such activities
require transfer functions specifying the dynamics of each element in the
block diagram. With each element so described (or at least approximated),
the transfer functions can be lumped together into a system transfer function,
and the over-all system's suitability for a carrier landing approach examined.

hc h( . hd SG A h
——?——- Mirror T b —4 p ——
*® ‘et %
HUC® u¢7 Lo RA u —
T 3
3¢ a T, FT @

Figure 2. Multiple Loop Feedback Control System Block Diagram
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B. TRANSFIR FUNCTIONS OF THE SYSTEM ELEMENTS
1. The Adroraft

Reference 10 derives longlituainal transfer functions irom the equations
of motion. The process is standard in stability and control analysis and
will not be repeated here. Note only that the same assumptions are used
(emall perturbations, linearized equations, etc.). Also, the effect
of a 4O glide angle on the transfer functions is negligible, so level
flight equations can be used.

Because most of the possible pilot roles involve simultaneous manipu-
lation of stick and throttle, "coupling" transfer functions (Ref. 11)
appropriate to each multiple loop situation are also required. These are
not as common as the conventional transfer functions, so their detailed
derivations are given in Appendix A. The notation used therein is main-
tained throughout the rest of this report and is consistent with that of
Ref. 11.

Seven aircraft were used for specific case studies because their
minimum approach speed is reported (Ref. 1) to be dictated by the "ability
to control altitude or arrest rate of sink.” These aircraft are the F8U-1,
FTU-3, FiD-1, F11F-1, F9F-6, F-100A, and F-84F. The aerodynamic and
physical data on each are compiled in Ref. 1 and were used to compute
trim conditions and the corresponding nondimensional derivatives. These
derivatives were converted to dimensional form and used in the transfer
function computations. The trim speeds selected for investigation were
the average flight test minimum approach speed plus and minus about seven
knots. This spread was picked because the mean approach speed used in
fleet squadrons 1s usually about seven knots higher than the flight test
reported minimum acceptable value, and the selected interval allows
examination of the effect of this nominal speed change.



2. The Pilot

The form of the pilot describing function® is

-T8 (TLS +1)

. Yp = Kpe (Trs + 1)(Tys + 1) (1)

where T = pilot reaction time

Ty = pilot neuromuscular lag (his actuator
lag) time constant

Kp = pilot gain Pilot sets these
Ty, = pilot-adopted lead time constant | as required by
Ty = pilot-adopted lag time constant the system

The nearomuscular lag time constant is of the order of Q.10 sec for center-
stick control and contributes only slightly in the pilot's efiective band-
width region (less than 1 cps). Accordingly, this lag is usually approximated
by e 018 and combined with the reaction time to give an "effective 7,”"
typically about 0.20 sec in tracking situations. Thie eliminates the (Ths +1)
term from the transfer function, so that the simplest form characterizing

the pilot is a gain plus a time delay,

Y, = xp'e'“ (2)

In this simple form, the pilot's gain is just the amount he moves the
control (7 sec later) in response to a given magnitude of observed error.

The criteria which the pilot uses to set his gain have been deduced by
examining measured pilot describing functions from many single-loop control

*It is important to note that only the quasi-linear portion of the
pilot's output is described by this form and that it does not imply
linearity in the point-by-point sense, but rather on the average. Thus,

. e.g., threshold in perception and consequent discrete manipulations of
control are still representable by Eq 1.
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experiments. These are criteria specifying the kind of closed-loop tracking
system performance that the pilot desires. Briefly stated, the requirements

are:
(a) A stable system

(b) Good low frequency performance (This may be interpreted
a8 the ability to control the low frequency but relatively
high power disturbances, such as those associated with
atmospheric turbulence, which tend to make the tracking
task more difficult. To the servo analyst this criterion
requires a flat closed-loop frequency response with a gain
of 1.0 over the disturbance input range.)

(c) Adequate closed-loop damping fur oscillatory closed-loop
systems (This requirement is considered met by the pilot
when the closed-loop damping ratio is 0.35 or greater.)

If the pilot cannot meet these criteria with a simple gain response, he
adopts a servo type of equalization, (Tps + 1)/(Tys + 1). This can be lead,
lag, lag-lead, or lead-lag, within his Qynamic capabilities. When he is forced
to do so to meet the cystem performance requirements, his opinion rating of the
aircraft deteriorates. The more extreme the equalization required, the worse
is the opinion rating. Generating lead, which requires sensing error rate
(as opposed to error position, or magnitude) causes the most degradation in
opinion. Generating lag requires integration, or time averaging, of the
errors. lag time constants can apparently be as high as 10 sec with only
minor effects on opinion (Ref. 6), whereas lead time constants greater than
about 1 sec are apparently quite difficult (Ref. 5).

A basic assumption regarding the pilot's equalizing efforts is that he
alvays makes the minimum (or easiest) adjustments that he can get away with.
If extreme adjusting on his part only slightly improves the system, then he
will not meke the effort. This carries over to multiple loop control situa-
tions in the assumption that he always closes the minimum number of loops
that gives satisfactory control. In other words, he will only control as
many variables as he has to ln order to complete the approach.

To sumnarize qualitatively the mathematical description of the pilot's
servo characteristics, he prefers to operate as a simple gain controller, the
major limitation to this ability being his reaction-time-limited controllable
frequency range. If necessary for system stability or for good low frequency
control, he will adopt equalization using minimum adjustments, similar to



those that a good servo or autopilot designer would specify. However, a
system requiring large amounts of equalization will not get a good handling
qualities rating from the pilot.

3. The Mirror Bystem

Referring to Fig. 1, define

Xm = distance from source light to mirror
R = distance from aircraft to mirror

h, = distance aircraft is below (above) the
correct glide path

by = distance the meatball is below (above)
the datum bar

€ = visual angle subtended by hy

Assuming that the angles involved are small,

80 that

e ()

and taking the time derivative

Xm 8 +xm(xm+2R) _(d_R_)
R(xp + R) € " R2(x, + R)2 \dt/ ¢

me

S ["*e et he] ®
To obtain altitude rate information from the mirror display, the pilot
must sense the quantity €. However, experimental flight test data from
Ref. 13, as analyzed in Ref. 12, indicate that a pilot has an effective
visual threshold for sensing vertical rates of about 0.004 rad/sec. Since
the pilot cannot detect meatball velocities which produce a lower angular

rate, Eq 4 can be solved (albeit heuristically) for the range at which the
pilot can begin to obtain altitude lead (rate) information:

10



!
y
K
1

Source light to mirror distance, x,, is typically 170 ft. Also,
Ref. 16 shows that thc standard deviation of sink speed at touchdown
1s about 3 ft/sec at a 170-ft/sec engaging speed. Assuming this
represents a typical approach error, Eq 4 can be solved for the
range at vhich & = 0.004k, assuning hg = O. This ylelds a value of
R = 2685 ft. Equation 4 indicates that the meatball rate is also a
function of height error, he. Assuming ¢ = 0, and limiting the
error to the mirror's 3/4° cone angle, _

he

_x;Ti = 5/‘#0 = 0,013 rad

. . UoXm(xy + 2R) / h¢ . 1702170 + 2R)
¢ ¢..00k RS(x, + R) (xm + R) R2(170 + R) (0.0131)

which yields R = 40O ft.

These two numberr indicate that lead informetion is ordinarily available
only in the last 2 to 3 sec of the approach. For analytical purposes it is
safe to assume that the pilot must make most of his 30-sec approech without
using lead equalization. What this means to the control problem is discussed
in the next section and illustrated specifically in Appendixes B and C, where
altitude control is examined with and without lead equalization.

Consider now the pilot's abillity to detect and discriminate altitude
position errors. Equation 3 shows that for the accepted threshold wvalue of €,
one minute of arec,

(he)threshold =.m (1—5%3)2 e
That 18, at 5000 ft range, detectable altitude errors must be greater than
about 45 ft, whereas at 2000 ft range they must be greater than about T ft.
Outside such thresholds the pilot can get a better indication of his altitude
error by referencing the observed € to the visual angle subtended by either
the meatball diameter or the length of the datum bar. For example, the angle
subtended by the datum bar, €4, 18 given by

and the ratio, ¢/e¢q, by

G_;E;-x-"‘ (5)
a 13 I (xyq + R)

n
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In other words the gain, between the observed meatball height measured as a
fraction of the datum bar length, and the altitude error, is inversely pro-
portional to range rather than range squared as in Eq 3. Therefore, in the
analytical work described later it is assumed that the mirror display gives
only a gain change, and its dynamic and time-varying characteristics are
ignored, especially since they do not vary significantly with aircraft
approach epeed.

In either case, the predominant effect of the mirror dynamics is to
introduce a time-varying (range-varying) gain in the altitude loop. This
time variation is not sensitive to small (10 percent) changes in approach
speed and can be eliminated as a speed-sensitive factor in setting the
minimum approach speed (however, it may be an important contributor to
the over-all difficulty of the approach task). The possibility of obtaining
altitude rate information from the mirror aid is practically nil and is not
a factor in setting any one aircraft's minimum speed (lack of such informa-
tion mey aleso be an important part of the carrier approach problem).

12
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SECTION III
CLOSED-100P CHARACTERISTICS OF POSSIBLE PILOTING TECHNIQUES

The previous section described the mathematical characteristics of the
individual elements of the system shown in Fig. 2; this section will con-
sider the effects of the alternative ways of closing the loops shown in
that figure. There is a continuing debate among pilots as to how the
carrier approach should be flown. That is, should altitude be controlled
with stick and airspeed with throttle or should altitude be controlled with
throttle and airspeed with the stick? Current fleet squadron publications
reconmend the latter method (h > Bp, u => Be), although they often say to
control airspeed with attitude (i.e., pitch attitude). Many test pilots,
on the other hand, recommend the first method (h ~» B¢, u = dp). The
subject of this debate, "what is the optimum control technique for carrier
approach?,” may be paraphrased herein to "what are the optimum feedback
loops for the pilot to closet" This section will compare the characteris-
tics of three potential methods for controlling the approach by comparing
their closed-loop frequency response characteristics.

There are four output variables that the pilot can use for control
purposes, as indicated in Fig. 2. These are altitude (relative to the
desired glide path), airspeed, angle of attack, and pitch attitude. Of
these, both altitude and pitch attitude are discernible to the pilot by
reference to the mirror display and horizon. In order to determine air-
speed or angle of attack, however, the pilot must shift his focus to scan
some instrument within the cockpit area. In addition to the usual instru-
ment panel airspeed indicator, current Navy Jet aircraft have an angle of
attack "indexer" mounted on the glare shield over the instrument panel.
This instrument gives the pilot an "on speed" signal for about 2-1/2 knots
either side of the desired approach speed, then indicates "slightly slow
(fast)" for the next 2-1/2 knots, and finally indicates slow (fast) for all
speeds beyond that range.

The reason airspeed and angle of attack can be referred to synonymously
during the approach is that altitude and pitch attitude loops are always
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assumed closed by the pilot. If these loops are reasonably tight, then two
degrees of freedom are removed from the system and airspeed and angle of
attack are closely dependent. The angle of attack indexer is slways heavily
damped (i.e., lagged) to filter out short-period oscillations, so the result-
ing low frequency variations give a direct indication of airspeed changes.
This assertion is borne out analytically in Appendix C.

Since there are four control variables (h, 6, u, a) and two controls
(be, bT), a8 large number of potential control techniques could be studied.
Practically, however, the list can be narrowed to three possibilities. These
three are discussed in the remainder of this section.

A. PIIOT CLOSBURE OF THE 6 —> 8 LOOP

It has been assumed in all of the analytical work discussed in following
subsections that the pilot always closes a pitch attitude loop, 6 = B.. In
other words, he uses the elevator to hold to his selected approach attitude.
There are several justifications for this assumption:

1. It is the only loop useful in controlling short-period
motions (remembering that the a indexer is highly

damped ) .

2. It is a powerful way to increase phugoid damping because
it effectively provides altitude rate damping (for
phugoid motious, where a = constant, h = Uyy = Uy6).

3« There is ample evidence from time histories of carrier
approach that the pilot in fact does this (these show
a high frequency elevator motion at what would be the
closed-loop short-period frequency).

k. The pilot gets benefits 1 and 2, regardless of how he
chooses to control altitude or airspeed, merely by
controlling his pitch attitude relative to the horizon.

To give a more quantitative example of the benefits of attitude control,
a typical carrier-based jet alrcraft has a short-period frequency of about
1.5 rad/sec and a lightly damped phugoid (;p = 0.10) with a frequency of
about 0.20 rad/sec (see Appendix C). Closing the 6 = 8o loop with enough
"gain" (a measure of the pilot's corrective control movements) to double
the short-period frequency will increase phugoid damping to 2 0.80 and
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decrease phugoid frequency slightly. The pilot now has an "equivalent
airframe" with double the initial static stability and at least an eight~
fold increase in phugoid damping, just from closing the 6 —>» &e loop.

With this basic "inner loop" assumed closed, and the resulting well-
damped "equivalent sirframe,” it is instructive to compare the effects of
various possible methods of altitude control. This is assumed to be the
primary task in a carrier approach, with airspeed control secondary. The
following subsections discuss altitude control with elevator, with throttle,
and with combined elevator and throttle. The discussions are primarily in
terms of the closed-loop frequency response characteristics that the pilot
obtains, using the specified control technique. An effort has been made to
keep the presentation as nonmathematical as possible, however, so the
arguments presented below attempt also to appeal to physical reasoning.
Should these arguments not be convincing, recourse may be had to the appen-
dixes for more detailed and technical expositions.

B. ALITTUDE CONTROL WITH ELEVATOR (b —> 84, 8 => Be, u or a —> By)

Changes in altitude and airspeed are phugoid phenomena; in other words,
they are associated with the low frequency phugoid mode. Closure of one or
more control loops does not change this basic situation, but it may change
the phugoid frequency and damping significantly. Therefore the effect of a
locp closure on altitude control may be described primarily by its influence
on the phugoid mode. The types of loop closures to be considered are
associated with (1) a simple gain (with reaction time) pilot transfer func-
tion (i.e., proportional control), (2) pilot lead adaptation (i.e., propor-
tional plus rate control), and (3) the effect of flight at speeds above and
below minimum drag. As was shown in Section II, the pilot must operate
through most of the approach as a pure gain in altitude control. Root locus
plots in Appendix B show that this loop closure (h > Bg) Will increase the
phugoid frequency and, initially at least, will cause almost no change in
demping (total damping, {w, as opposed to damping ratio, {). As gain is
further increased the frequency will continue to increase but damping will
begin to deteriorate until the phugoid oscillation finally becomes unstable.
Starting from the well-damped condition resulting from the 6 —» 8¢ inner
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loop, the phugoid frequency can typically be increassed by a factor of four,
e.g., from 0.20 rad/sec to 0.80 rad/sec, before instebility results and can
almost be doubled at constant damping. This very desirable "stiffening" of
the altitude control mode occurs regardless of speed relative to that for
minimum drag. The only drawback in the phugoid frequency range is the
decrease in damping when the pilot's gain gets too high.

This drawback can be overcome by the addition of altitude rate damping.
But, as shown in Section II, pilot-generated lead (1.e., rate damping) comes
from his sensing "meatball" vertical velocities and is available only in the
last few seconds of the approach. Assuming that a 1-sec lead time constant
is the best the pilot can do (see Section II), then the benefit to phugoid
demping will only be a slight improvement over the no-lead case, as illus-
trated in Appendix B (Fig. B-11). larger lead time constants can greatly
improve height control with elevator, but are well beyond human pilot capa-
bility using the existing optical landing system for height control. Since
the assumed pilot maximum lead of about 1-sec does not givé a significant
improvement in height control, it is concluded that the system's phugoid
characteristics with a straight gain assumed for the pilot transfer function
will best represent the altitude-control-with-elevator case. To repeat,
these phugoid characteristics are (1) a "stiffening" of frequency for low
pilot gains, but (2) a decrease in damping leading to system instability as
pilot gain is increased too much.

The final consideration, and a most important one, is the effect of
reducing the approach speed below minimum drag. When an h -» de loop is
closed, a very low frequency time constant is introduced into the system
which is associated primarily with the airspeed response of the system. As
the aircraft goes from the front to the back side of the drag curve, this
time constant shifts from being stable to being unstable. Thus, when
trimmed on the back side of the drag curve,* the increased drag, as the

*Comments pertaining to the back or front side of the drag curve, or to
speeds below or above that for minimum drag, hereafter imply operation with
respect to the speed at which the time constant changes sign. As shown in
Ref. 2, this speed, while primarily a function of drag characteristics, is
also influenced by thrust variations with speed (for constant throttle setting)
and by thrust eccentricities about the c.g. which make the partial derivative
of pitching moment with respect to speed, cMu’ nonzero.
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aircraft slows down in response to up-elevator motions intended to increase
altitude, will actually cause altitude to decrease (after the initial
transients die out). Further up-elevator deflectione to increase the now
steadily decreasing altitude will result in a divergent altitude motion
(increasing rate of descent) characterized by the negative time constant
slluded to above. Hence comes the pilot's complaint of "ability to control
altitude or arrest rate of sink.”

The pilot can stabilize this divergent mode by overpowering drag changes
with thrust changes. Closure of either an airspeed (u —> 6.1.) or angle of
attack (a —> 57) loop with the throttle will perform this function and, in
essence, convert the back side condition to an effective front side condi-
tion. But the pilot is then required to close a third loop and to use more
than some minimum gain in that loop in order to stabilize the system.
Requiring such throttle activity on the pilot's part in order to achieve
system stability (the highest priority closed-loop system performance
eriterion postulated in Section II) dictates that he have a "good" display
of airspeed or angle of attack error information in order to proportion his
throttle corrections. A "good" indicator should (intuitively) be located
so the pilot does not have to shift his focus from the meatball, and it
should provide a linear and smoothly responding error signal. The cockpit
airspeed indicator is essentially inaccessible to the pillot because it
requires shifting his gaze completely away from the mirror. The o indexer,
mounted on the top of the instrument panel's glare shield, is almost within
the pilot's view, but it suffers from the nonlinear nature of its indication
(vhich gives essentially only five speed indications—on speed, slightly
slow or fast, and too slow or fast). Since the o indexer does not satisfy
the criteria for a "good" display, the pillot's task is made more difficult
than necessary for closing this control loop. In support of this assertion
it should be noted that when an automatic throttle is installed in an air-
craft to perform this function for the pilot, he is willing to reduce his
minimum approach speed (see, e.g., Ref. 14).

To summarize the characteristice of altitude control with elevator, the
basic phugoid oscillation is stiffened by pilot pure gain, or proportional,
control. Damping deteriorates as gain gets high, and the lead equalization
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that the system needs is beyond human pilot capability with the present mirror
display. These phugoid characteristics occur on both front and back side of
the drag curve, but on the back side a drag instability exists that requires
pilot closure of an auxiliary throttle loop. Closure of this loop is predi-
cated on a usable display of airspeed or angle of esttack error information.

C. ALTITUDE CONTROL WITH THROTITLE (b ~> Bp, 6 => 8¢, u or a —> 8¢)

Control of altitude with throttle has‘distinctly different characteristics
than control with elevator. In the first place, this method of control does
not have the*basic instability on the back side of the drag curve that is
inherent with the h = b¢ loop closure. The reason for this is that pilot
operation of the throttle to hold altitude eliminates the thrust deficiencies
that occur with elevator control. So the basic difference in response
dynamics between front and back side of the drag curve operation is no longer
present.

A second important difference is in the closed-loop phugoid characteristics.
Pilot gain in an h <> &7 loop has the effect of decreasing (total) damping of
the phugoid while altering frequency only slightly (decreases for low gain,
then increases). The low frequency and damping results in large phugoid
oscillations and sluggish response. The aircraft becomes more susceptible to
the high power but low frequency atmospheric turbulence disturbances which
make control difficult.

A final point is that a much larger amount of lead equalization (rate
damping), using throttle as the control, is required to make the phugoid
characteristics "good" in the sense that elevator control in conjunction with
a remsonable lead time constant is good (high frequency and high damping).
The cause of these poor closed-loop dynamics is the long time lag between
thrust changes and lift changes, too long to be overcome by a reasonable
lead. Navy jet aircraft have a low thrust-line angle of attack in the
approach configuration, 5° to 20° being typical. Since the pilot is trying
to control altitude, or height, he should be ueing a vertical force.
Instead, he is applying a nearly horizontal force and then converting the
resulting airspeed change into lift by holding 6, and possibly u or a,
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constant with the clevator. Thin control method has such a long lag between
thrust change and helght change that even very lnrge lend time constants ean-
not overcome the 1lift lag and produce s well-damped high frequency system.

In conclusion, then, this method of control is characterized by a
deterioration in phugoid response us pilot throttle gain increases. Its
only virtue is ite basic stability on the back side of the drag curve.

h~> 9 6T'9—)6e'
D. ALTITUDE CONTROL WITH ELEVATOR AND THROTTLE ( uoreé'_}’ae’&r ")

The final possibillity open to the pilot is to use both stick and throttle
to correct the observed errors in altitude (and airspeed or angle of attack).
The net effect of this control technique will be to combine the features of
the two previous methods, the degree of combination depending on the relative
vigor with vhich stick and throttle are used. In other words, the two
preceding methods represent the limiting cases for this more general method.

Considering operation on the back side of the drag curve, the effect of
the throttle will be to stabilize the altitude divergence caused by the
elevator loop closure. There will be a minimum ratio of throttle to elevator
motion required to achieve system stability (elimirate the thrust deficiences),
and this minimum value will increase as the (back side) slope of the drag
curve increases. On the other hand, as the throttle moveuients become larger
relative to elevator control, the undesirable effect of degrading the phugoid
frequency and damping will increase. Obviously there must be some compromise
made by the pilot between stabilizing the altitude-divergence mode and
destabilizing the phugoid mode. This compromise requires that he very
carefully ratio {or coordinate) his stick and throttle movements.

The main advantage of this control technique, then, is the potential
combination of the bencficial characteristics of the two other methods,
system stability and good phugoid response, without relying on closing an
auxillary u or @ loop. The main drawback is the very precise coordination
of stick and throttle required of the pilot in order that the optimum balance

between thiese two characteristlcs be maintalned.



E. PIIOT OPINION CONSIDERATIONS

Table I, which summarizes the foregoing, shows that the pilot is faced
with three choices as regards his basic control of altitude ; he can use
elevator alone, he can use throttle alone, or he can use a combination of both.

TABLE I
SUMMARY OF PREDOMINANT LOOP-CLOSURE EFFECTS

EFFECT ON
LOOP
Altitude
Phugoid Short Period Control
8 > Be Increases damping consid- Decreases damp- | No effect
erably, decreases frequency | ing slightly,
slightly increases fre-
quency

h =» 8¢ Decreases damping, increases| No major effect | Destabilizes
frequency markedly

h <> bp Decreases damping slightly, | No major effect | Stabilizes
decreases then increases
frequency

h <> B¢, bp Combines above

The advantage of elevator alone is the high closed-loop phugoid frequency
attainable, which implies a good, fast-responding, altitude tracking system
able to suppress atmospheric turbulence inputs and follow carrier motions.
However, this system has the disadvantage of requiring a minimum level of
auxiliary throttle activity to avoid instability when flying on the back side
of the drag curve, The second method is to control altitude with throttle.
This sytem is characterized by a low frequency, poorly damped phugoid which
implies a sluggish, oscillatory response; but the system is inherently stable.
The third system, coordinated stick and throttle control, combines the good
features of the other two—high phugoid frequencies with system stability
provided by the h -» 8p closure, The drawback is that the pilot must retio
his stick and throttle movements carefully to achieve this good control.
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Which method will the pilot use? The argument for his using the first
method (h —» 8,) is that it gives a fast-responding altitude control. It
does, however, require that angle of attack or airspeed information be
presented to the ptiot in such a way that he can use it. The argument for
his using the second method (h —>» ®p) ie that it is initially stable so
there is no minimum requirement for system stability. The penalty is that
this method has the poorest control characteristics. And finally, coordi-
nating stick and throttle to control altitude (h —> B¢, 8p) can have the
good features of both, but requires a very precise coordination between
the two controls.

The answer to what the pilot can or will do depends to a large extent on
the pilot's dymamic capabilities in multiple loop tasks (his ability to per-
form the required sensor-actuator functions utilizing the available informa-
tion) as well as on the previously described closed-loop system performance
characteristics. In the article quoted below (Ref. 15), a Navy test pilot
describes the pilot's viewpoint of the system characteristics Just discussed.

"The pilot instinctively attempts to make glide path corrections
initially with longitudinal control only. It is therefore extremely
desirable that the airplane have maneuvering capability at a constant
thrust setting for small changes in angle of attack (approximately
1-2 degrees). If, as in the F8U, these small changes in angle of
attack produce correspondingly large excursions in airspeed, the
alternative technique must be evaluated, that of varying rate of
descent with power. In this type of approach, the airplane is main-
tained at a desired angle of attack and thrust corrections are used
exclusively to make glide path corrections. . . When the desired
vertical accelerations cannot be obtained with this technique, as in
the case with the F8U, a combination of two techniques is required
in which both thrust and longitudinal control are initiated simulta-
neously. This technique produces the necessary rapid corrections in
glide path although it requires precise coordination throughout the
control process."

The pilot is saying, then, that his priority ranking of the systems is the
same as the order in which they were discussed, except that he seems to rule
out elevator-alone control of altitude below minimum drag speed. From the
systems analysis point of view this is clearly the wrong thing for him to do,
Yet the next section presents an analytical development which gives convine-
ing evidence that the pilot in fact does choose the throttle-control-of-
altitude method. The last section presents some possible arguments as to
why this should be so.
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SECTION IV

A MINDMUM APFPROACE SPEED CRITERION
DERIVED FROM SIMPLIFIED MULTIPLE LOOP CONSIDERATIONS

A. DERIVATION OF THE CRITERION

The previous section has shown the advantages and disadvantages of the
various control technigues that are available to the pilot for making the
approach. In this section one particular control method will be used as
the basis for deriving a criterion for predicting the minimum acceptable
approach speed.* For the analysis, it is assumed that the pilot uses the
elevator to control pitch attitude and the throttle to control altitude.

The analytical expression for the closed-loop phugoid frequency, in terms

of aircraft stability parameters and pilot gain terms, is derived from a
simplified set of equations. Then it is shown that at a certain speed below
minimum drag this closed-loop frequency tegins to decrease as pilot gain in
the elevator loop increases. Reasons are explained why this should represent
the minimum acceptable approach speed in terms of altitude control.

A review of the conclusions drawn in Section III indicates that altitude
control problems in the approach are low frequency in nature; that is, they
are assoclated with the (closed-loop) phugoid motions of the aircraft. This
qualitative assertion is borne out quantitatively in Appendix B, where it is
shown that the phugoid branch of the altitude control root locus is the one
presenting control problems. This cecurs regardless of the control technique
chosen by the pilot, but most pronouncedly so when the pilot attempts to
control flight path with throttle. Since short-period attitude control is
generally not a problem, it is safe to neglect the short-period terms in the
equations of motion and look only at the phugoid equations. This has the
advantage of reducing the order of the equations to the point where they
provide easily factored solutions. Since the phugoid frequencies are of the
order of 0.2 rad/sec, pilot reaction time, T, will contribute only slightly

*Reference 9 contains a preliminary exposure of these results.
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in this region and need not be included in the pilot model. Also, since lag
equalization is generally not helpful here (Appendix B) and leed time con-
stants, Ty, corresponding to the pilot's desired maximum of about 1 sec have
no benefit, the influences of pilot equalization in the frequency region of
interest will also be negligibly small. Both 7 and Tj, effects will contribute
phase angle changes of only & few degrees at these low frequencies and there-
fore cannot affect the results. Thus the pilot transfer functions can be
approximated as pure gains (simple proportional control):

35,

(6)
38y,
Yopn = 3B " mn

The phugoid equations of motion (Ref. 2), assuming Xs, = O, are
(s - Xy)u XV +g6 +0 = XgqOr

-Zu (s - Zyv -U,86 +0 = Zgedp * Zg de -

-Muu -M,w +0 +0 = Ma,r&r + Mﬁese

0 v ~U,8 +8h =0

vhere the last equation expresses the kinematic relationship between altitude,
h, and the independent degrees of freedom, u, w, 6. Recognizing that Eq 6

may be rewritten as
Be = Kpgfc = -Kpgb (8)

8y = Kphe = -Kph 9

(because the "error signal" to the pilot is the reverse of the aircraft's
motion), substitution of Eq 8 and 9 into the right side of Eq 7 eliminates
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the control deflection variables and yields a new set of equations with

"equivalent stability derivatives." This set of equations gives a new charac-
teristic determinant, which is the system's closed-loop characteristic equation.
It can be expressed in the form

2,.08+d4 = 0 (10)

135 + bs
where the coefficients a through 4 contain aircraft stability derivatives end
pilot gain terms. This closed-loop equation can then be factored into the
form

K(s + -Jv-%)(sa + 2tupe + "2) 0 (1)

(the double prime notation indicates two loops have been closed), and the
closed-loop system tested to see if it meets the pilot's system requirements
(performance criteria). This procedure is the one followed in Ref. 9 and
completely avoids the use of servoanalytic methods. However, a more instruc-
tive procedure, to follow, uses the conventional servoanalysis method of
successive loop closures, rather than the "augmented derivative" approach,
to arrive at the same result. More insight into the effect of each closure
can be gained by this latter method, as will be demonstrated. Transfer
function equations for the multiple feedback loops involved are derived in
Appendix A for three degrees of freedom, and since the basic process is the
same, no justification of the specialized phugoid transfer function form
used here will be presented.

The open outer-loop transfer function for throttle control of altitude,
with a 6 =>» 8 inner loop closed, may be written

8
(_11_) i NhsT + YaeethTbe (12)
Sr/g o Be A+ Ybe""%e
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where the various terms of interest in this case are:

(szM"' - M&rza)(s + -T-E\Tr)’ the h <> tranafer function

numerator (phugoid only)

6 1
oy (%Tzq - zb'r"ﬁe)(s + Th,e)’ the h =» Bp, 6 —> B¢ coupling

numerator.

§

3

[vg
]

M8 (52 + 2§p%s + u%), the open-loop characteristic
(phugoid only)

Mg, 5 (s + TL)(S + TL)’ the 6 - b, transfer funcvion
6 62 numerator ?phugoid only)

=
&
[ ]

| |

Yaee = er ; Y&Th - Kph see Eq ©

The closed-loop will be determined in two steps, by first closing the
6 = 8, loop and then the h = 8p loop. Adding the two denominator terms
in Eq 12 gives the new characteristic equation with the & —» B inner loop
closed:

-Ma(l - Ko %)s(sa + 2o + m;)?)
e onesf - i)

where the single prime notation denotes one loop has been closed. Equating
coefficients identifies

Ky = -xpe—M;e (1)

1 1
agp% + Ke(-,q + -‘i‘;a-)

240 = X3 (15)

1
+ Kg s
2 mg .9 To,Top (16)
% 1 + Ke
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In finding the 6 -» B, loop effect on the altitude control numerator, it
is now assumed for simplicity that the thrust line passes through the c.g.
of the aircraft. For this speclal case, Myp = M, = 0, and the two time
constants associated with the numerator of Eq 12 can be shown to be identical,

Lo Xy
To " Ty Ty o

i.e.,

The altitude control zero, 1/’1&'1,1,, thus is not a function of Kg and is in fact
also given by Eq 17.

Equation 12, the altitude control open-loop transfer function, with the
6 ~>» Be inner loop closed, has been factored in steps 13 through 17 and is

now:
-Z s +
(¢ )
(%1—'1') 6 > be i 5(52 ?2;1',%:‘2’1‘% ) (8

The altitude loop must now be closed to obtain the characteristic equation
of the system: the sum of the numerator and denominator of the open-loop
transfer function (where the open-loop transfer function is Kph(h/&r) 0> 5e)'
Equating this sum to the general form for a factored cubic equation gives

(s + —ﬁ)(ﬂa + 2japs + "2) =80+ 2§I”“’£582 + (%2 + Kp)s + Ky ﬁl-,r (19)

vhere K, # xph(-z@r).

By way of illustrating the mathematical process which has been carried
out, typical root locus plots which correspond to the two loop closures
indicated by Eq 12 and 18 are shown in Fig. 3. In this figure, the inner-
loop (6 = Be) closure results in the single-primed quantities corresponding
to those in Eq 13 and 18 for a given gain, Kg (indicated by the symbol @).
These quantities are the open-loop poles of the altitude control outer loop
and are accordingly transferred (as symbol X) to the outer-loop plot. The
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Figure 3. Root Locus Illustration of Successive Loop Closures

second closure, corresponding to a given value of K, yields the double-primed
quantities of Eq 19 (again indicated by the symbol@). A coupling closure
required in the general case to determine the value of 1/1‘[1,1, (compare Eq 12

and 18) is not required because of Eq 17 which holds for Mgp = My, = 0, the
case of interest here.

Anticipating, now, the final result, it is desired to find the effect of
the inner-loop gain, Kg, on ai;, the final closed-loop phugoid frequency at
which altitude oscillations will occur. If some arbitrary value of phugoid
damping ratio is assumed to be the pilot's altitude loop closure criterion,
then specifying this damping ratio will uniquely specify the altitude con-
trol gain, K, for the given attitude gain, Ky, already chosen in closing
the attitude control inner loop. If the pilot sets his throttle gain to
achieve this damping ratio,(damping ratio is a response factor most evident
to him), then the closed-loop system performance is specified. Assuming,
purely for mathematical convenience, a closed-loop damping ratio of zero
(;i; = 0), the closed-loop frequency, mB , may be determined as follows:
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Expanding the left side and then equating coefficients in Eq 19,

82 terms: _T;'L—I‘ + 2Lpal = 2Lsan
8 terms: FL—T 2L own + 2, ‘“52 + Kp (20)
Constant te : ] NG L
rms: ?}; = Kpj T

Setting {p = O in the above equations and eliminating Ky and T}';T yields

2

1 ]
( n)2 - TﬁT "“p

) 3 — (21)

Noting that 1/’1‘1'1,1, is independent of Ky for this special case, the single-
primed quantities are defined in Eq 15, 16, and 17, and Eq 21 can be written

in the more basic form
] 1
— + Kp m————
Thy (“% o Tngee)

"-0 - [ \
§p Fnce) EhL'-r- 2 uy, - xe(f’;»ff’e—e)]

Equation 22 indicates that for g; = O (and the general trends of Fig. 3
indicate that the results are not appreciably altered by small, finite values
of ;;) the closed-loop phugoid frequency is a function only of the pilot's
6-loop gain and of basic aircraft stability parameters. In order to find the
effect of that 6-loop gain on the phugoid frequency, the partial derivative
is taken, giving

(22)

1 1

ny 2 __1 — _1_ - _1.. — o —
B(%)gs -0 T, ?_92 (%T 2§p“’9) + °§ ('1'91 + To,  Thy

Kg ) 1 1
%[(1 + Kg) T " 2 puy, - Ke(;;; + '1‘—95)
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The form of Eq 23 indicates the possibility of a change in sign for some
combination of the numerator parameters, which are all functions of airspeed.
It can (and will) be shown that this partial derivetive is always positive
for flight on the front side of the drag curve but that at an airspeed some-
vhere on the back side of the drag curve it becomes zero, and, as speed is
further decreased, it becomes increasingly negative.

What is the significance of this sign reversal in terms of flying
qualities? The answer to this question may be determined by considering,
in frequency response terms, what the pilot wants for a closed-loop control
system. Since the phugoid frequencies are low, implying "sluggish response”
to altitude control efforts, the pilot's primary desire is to "tighten up"
this system by increasing the frequency (or, in servo parlance, the bandwidth)
of response. Furthermore, if he is making the approach through turbulent
air, it may be imperative that he increase the frequency in order to overcome
the gust spectrum inputs disturbing his aircraft. His normal reaction will
be to increase the gain in the attitude control loop; in other words, to
tighten up his elevator control. This increases inner-loop phugoid damping,
and, for flight on the front side of the drag curve, it also increases uﬁ.
But at some speed on the back side of the drag curve, tighter elevator con-
trol suddenly begins to degrade the aircraft's altitude response by decreasing
its bandwidth characteristic. The pilot senses that his normal elevator
control reactions are making asltitude errors larger, yet he cannot remedy
the situation because increasing throttle gain only decreases the phugoid
damping. Decreasing his elevator gain allows larger pitch attitude oscilla-
tions although helping altitude control. Presumably this "control reversal"
effect, if it may be so termed, will be disconcerting enough to make the pilot
limit his approach to speeds at or above the reversal point.

A possible criterion for the minimum acceptable approach speed, based on
the previous argument, is therefore the reversal point given by setting the
partial derivative of Eq 23 to zero,

1 1 1 1 1
g (m ) () 0 @

Eq 24 being valid for cases where the thrust line of the aircraft passes
through the c.g.
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A review of all the assumptions made In the foregoing derivation may
be useful in clarifying the development. These were as follows:
1. Phugoid equations adequately represent the frequency
region of interest

2. The pilot controls pitch attitude with elevator and
altitude with throttle, and may be approximated by
a simple gain in each loop

3. The final closed-loop phugoid damping ratio is zero
4, The thrust line offset from the aircraft c.g. is zero

Assumptions 1 and 2 are not restrictive; that is, they are basic to the
handling qualities theory. Assumption 3 was made to predetermine the magni-
tude of the pilot's altitude control gain; and the specific value of ;; = 0
was chosen merely to simplify the form of the criterion. In Jjustification
of Assumption 3, it should be noted that for second-order systems in
single-loop tasks, at least, the pilot seems to set his gains to get a con-
stant damping ratio (or phase margin). The altitude control root locus in
Fig. 3 indicates that phugoid frequency increases as the damping ratio
decreases in the region near neutral stability. Therefore the pilot can
trade off ;s and ug or vice versa, in order to minimize his altitude errors.
It is difficult to predict what specific value of damping he would probably

choose, but any constant value will serve to show the trend of u, as Kg
changes.

The final assumption was made so that I/TﬁT would equal I/ThT. When
there is a finite thrust offset, 1/TﬁT becomes a function of the attitude
gain, Kg, and the criterion in the form of Eq 24 is not valid. Then, to find
the speed at which the derivative is zero, it is simplest to revert to the
basic formula for aga given in Eq 21, use two representative values of Ky to
compute values of 1/T5T, “52: 2¢pwh, and finally uga; and take the derivative
as the ratio, An§2/AK9. Values of Kg of 1.0 and 2.0 are typical for pilot
attitude control and have been used in specific cases to compute this deriva-
tive; furthermore, the point of zero slope has been found to be more sensitive
to airspeed than to different (but reasonable) values of Kg. Thus the original
assumption that the thrust line offset is zero can be bypassed when necessary
and does not restrict the general applicability of the suggested criterion.



B. TISTING TXE CRITERION: AGREEMENT BUIWEEN PREDICTIONS
AXD FLIGH® TZST MININUN APPROACE SPEEDS

Seven of the 21 aireraft for which aerodynamic data are tabulated in
Ref. 1 are specifically limited in carrier approach speed by "the ability to
control altitude or arrest rate of sink." For all seven, the minimum speed
was on the back side of the thrust-required curve. These seven are the
F8U-1, FTU-3, FiD-1, F-100A, F-84F, F11F-1, and F9F-6. Transfer functions
were computed for each aircraft for at least three flight conditions corre-
sponding to the flight-test-determined minimum approach speed plus and minus
about seven knots. The partial derivative (aw;"’/axe) Li=0 VB8 evaluated for
each aircraft at each speed using the general procedure outlined above.
Values of Kg = 1.0 and 2.0 were used to compute axza from Eq 22, and the

derivative was assumed to be given by the difference, i.e.,

n2
- w2 - n2
%“g S N C S N (25)

Two aircraft with no thrust line offset from the c.g., the FiD-1 and

the F9F-6, were computed in the same way rather than using Eq 23, primarily
for consistency.

The results of the calculations are plotted in Fig. 4 in the form of
criterion derivative versus airspeed. The individual points for each air-
craft are jointed by straight lines because no other particular form of
curve-fairing seemed appropriate for so few points. The airspeed at which
the line crosses Baga/Bxe = 0 is then the criterion minimum approach speed.
These predicted speeds are compared with actual flight test results, taken
from Ref. 1, in Table I.

For the F-100A and F9F-6 the value of the criterion derivative is still
positive in the speed range considered limiting by the pilots. In other
words some factor other than "reversal" appears to be limiting for these two
cases. For the five aircraft for which the criterion predicts a minimum speed,
that speed is close enough to the flight test speed(s) to be considered a
valid prediction. This fact must be considered impressive evidence that
the pilot is using throttle to control altitude. Yet this was shown in

3



TABLE Il

COMPARISON OF CRITERION-PREDICTED
MINIMUM APPROACH SPEED AND FLIGHT TEST SPEED(S)

AIRCRAFT mcxrf Kﬁf)spmx carr?lggzsmm
F8U-1 133, 134, 1% 132
FTU-3 108,* 115, 117 109
F4D-1 14,* 117, 119, 120 121
F-84F 132* 131
F11F-1 128, 13 125
F-100A 157* None predicted for Uy > 140
F9F-6 115, 18 None predicted for Ug > 108

*FCLP (field carrier landing practice) result

Section III to be the poorest method (in terms of servo performance) of
altitude control. This raises the fundamental question of why the pilot
has chosen the nonoptimum system; possible explanations for his choice are
postulated in the following section. '

One further item requires comment. When the FiD-1 values of at‘;z wvere
first computed, the reversal derivative came out negative at all speeds
around the flight test Vpypn; in other words, the FiD-1 was below its
theoretical minimum. While rechecking the aerodynamic data it was noted
that the F4D-1 has a large elevator drag term, Xae being on the order of
0.30 Z3,+ This factor had been neglected in the machine program computing
the 6 = Be transfer functions since it is normally small, and when it was
included in those computations the criterion was successful in predicting
the approach speed. This fact has important design implications because
it indicates that a large positive cD5e significantly reduced the FuiD-1
approach speed (or at least the criterion-predicted approach speed).
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| SECTION V
BUNMARY AND CONCLUSIONS

* Multiple-loop analyses have disclosed that required piloting techniques
differ considerably between approaches made on the "back” and on the "front"
side of the drag curve. In the latter instance, the pilot can theoretically
make flight path corrections with the elevator alone, and doee not need
throttle inputs except for "initial" trim pover adjustments. Reference 15
points out that this is the natural way to fly the approach. However, when

the speed is decreased below minimum drag speed, the closed-loop system
becomes unstable if the pilot uses the stick as his altitude controller.

Several courses of action are then possible, depending on the type and
quality of information available to the pilot. Assuming only that available
by reference to the mirror-approach display (altitude-error and attitude),
he can theoretically stabilize and control the system, for speeds less than
minimum drag, by controlling attitude with elevator and altitude with
throttle. The resulting closed-loop performance would appear marginal in
terms of bandwidth, especially for rough air and/or sea-state conditions.
But as speed is progressively reduced, the achievement of even this marginal

R s 2

performance eventually becomes '"negatively dependent"” on elevator control.
Thus, while increasing "tightness" of attitude control with elevator improves
performance at speeds well above the approach speed, a similar increase in
attitude control "tightness" eventually begins to degrade performance as
speed is reduced. Such degradation is sure to be considered undesirable
because it means that the pilot, by trying harder to control the system, is
actually mmking it worse.

Calculated minimum approach speeds based on incipient degradation (i.e.,
zero effect of "tightening" elevator control), match well with flight test
minimum speeds for five of seven aircraft suspected to be speed-limited
specifically by the "ability to control altitude." Although such corroborating
evidence is not completely conclusive, it lends considerable support to the
- argument that, for aircraft operating on the back side of the drag curve,



1. Pilots choose to control altitude with throttle (in
addition to controlling attitude with elevator).
Other methods with theoretically superior dynamic
performance are bypassed.

2. The "control reversal” effect, associated with this
pilot-selected method of control is sufficiently
disconcerting to limit the minimum approach speed.
The speed for incipient reversal therefore provides
an eaeily calculated criterion for minimum approach
speed.

But what of the other control methods that are available to the pilot?
Assuming the additional information provided by suitable angle of attack or
airspeed displays, the pilot can theoretically use the elevator for height
and attitude control, and throttle to hold angle of attack or airspeed con-
stant. Essentially, the throttle zanipulations involved in this mode of
operation reverse the "backside" effect of an increase in drag as speed
decreases to an "effective frontside" net decrease in drag as speed decreases.
Thus the pilot gets good longitudinal response as long as he is able to

maintain thrust required with the throttle.

Another alternative is to coordinate stick and throttle to control altitude.
This theoretically eliminates the need for a good airspeed or angle of attack
indicator and also permits the pilot to fly the approach using only two feed-
back loops. The benefits of fast-responding elevator control and stable
throttle control are obtalned at the expense of a requirement for very care-
fully coordinated stick and throttle action.

In the course of arriving at these conclusions, other more complicated
(up to five feedbacks) modes of control haye also been investigated analyti-
cally. Although some of these were found to result in suitable systems, they
are, in the final analysis, considered inappropriate because the gains in
performance (if any) are not commensurate with the increase pilot effort
required.

Both of the alternative piloting techniques discussed above are theoreti-
cally superior to the throttle-alone method of controlling altitude in the
approach. They both should eliminate the "ability to control altitude or



arrest rate of sink" as a dynamic control problem in carrier approach. The
question then arises as to why this type of limitation apparently exists,
since a information is displayed in all current carrier aircraft. Also, why
is a criterion based on only altitude and pitch attitude information so
successful in predicting the speed at which this limitation occurs? If it
is assumed that the criterion's success indicates that the pilot does in
fact use throttle to control altitude, it must then be explained why he has
chosen the nonoptimum system. The following are possible explanations:

1. The nonlinear type of a indexer installed in fleet air-
craft prevents effective pilot use of this device, thus
requiring that the pilot revert to the other (h -> B5p)
technique.

2. It is beyond the pilot's dynamic capabilities to effec-
tively close three loops and use the o indexer in
multiple-loop tasks.

3. The closed-loop performance benefits which the pilot is
dynamically capable of achieving by the best method are
not required due to the low frequency content of the
forcing funcvion (carrier wake, atmospheric turbulence,
carrier motions).

4. The pilot is unaware of the benefits to be gained by
close control of a with throttle, and is performing the
simpler task (two loops versus three) which still yields
acceptable results.

These explanations have one common factor: they depend on assumptions as
t> the pilot's actual performance in the loop. The analyses used as the
basis for this report's conclusions are all predicated on extrapolating
actual human transfer function measurements in single-loop tracking tasks to
predicted behavior in multiple-loop flight control situations. To investi-
gate these predictions and to answer other questions which may arise, it is
necessary to perform a series of well-designed flight simulator experiments.
Results of such experiments which are inconsistent with the present mathe-
matical pilot model will give rise to refinements in the analysis process
vhich may in turn lead to auxiliary experiments. This type of experimental
program, and the attendant analysis-refinement activities, is a logical
extension of the purely analytical work reported herein. It is worth noting



that, as in the classical scientific process, a theory has been derived, and
a series of experiments can be evolved to test the theory. To complete the
process requires that results of an experimental program be fed back into
refinement of the original postulates.

A final theoretical prediction is in order. The discussions in Section III
stated that elevator-alone control of altitude, with either u or a controlled
by throttle, produced the best response characteristics of the three possi-
bilities studied. When automatic throttles are installed in an aircraft,
the pllot is of necessity forced to control altitude with elevator since he
no longer manipulates the throttle. Experimental flight test programs have
verified this system because lower minimum approach speeds have resulted
(Ref. 14). Section III also stated that the optimum system resulted when a
large lead time constant was added to the altitude loop to damp the phugoid,
but that such leads were beyond human pilot capability with the mirror type
of optical height display. In order to produce significant lead, the pilot
would have to be given aircraft vertical sink rate information. Therefore
the optimum system for carrier approach will consist of an autommetic throttle
control and some form of projected or "heads-up" display of aircraft sink
speed. Exactly how this display would be presented would have to be deter-
mined experimentally. But there would seem to be no question that this
information will greatly help the pilot in the carrier approach.

b1
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APPENDIX A

DERIVATION AND SUMMARY OF TRANSFER FUNCTIONS
JOR BOTE SINGLE-LOOP AND MULTIPLE-IO0P CONTROL

The linearized longitudinal equations of motion for an aircraft in a
general flight conditlon are developed in Ref. 10. If those very general
equations are further specialized by dropping terms negligible in carrier
approach,* the equations can be written, in lLaplace transform style, with
stability axes, and assuming inputs only from control deflections, as follows:

(s - X,)u “XogW +16 = Xgb (A-1)
-Zyu +(s - 2,)w -U,86 = Zg8 (A-2)
-Myu -(Mgs + M)w +(s2 - Mgs)e = Mgd (A-3)

These are the usual basic longitudinal equations, in dimensional stability
derivative form, that are used for stability and control analysis. Since
altitude control has a major role in carrier approach, an additional kinematic
equation relating aircraft variables to change in altitude may be written,
again using Laplace transform notation,

siny = y = RQ/U,
7y = 6 -0 (A-l&)
sh = Uy6 - Uga

If this equation is added to the previous three, a general set of four equa-
tions is formed which can be solved simultaneously to yleld solutions for
u, ¥, 6 or h. Making the usual change in variable of

a = w/U, (A-5)
gives the basic set of equations used in this report.
(s - X,)u R 16 40 = Xgd
“Zyu (s - Zy)a ~Uy86 0 = Zgd
“Mu (Mg + My)o +(s2 - qu)e +0 = Mgd (a-6)
o] +Uga =Ugf +tsh a O

*Por example, the difference between level flight and a glide path
of -4 deg was checked and found to be insignificant.

Lo
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If the control inputs are aessumed to be 2ero, the classical "character-
istic equation” is the solution of the set of Eq A-6. This will be denoted
Ug8A in this report, which makes A represent the standard fourth order solu-

tion shown in factored generalized form:

Uped = Ugs(s2 + 2tpups + uf) (82 + 2Lgpmgps + ufp) (A-7)
vhere the approximate factors (Ref. 2) are:
o, 2oz - Mg
Agpep = -(Zy + Mg + M)
cuf, . 8(MyZy - MyZy)
Mg - Mg

. My(Xg - 8)
e+ K BT,

(As a quick check that £q A-7 is the solution of Eq A-6 with & = O, the equa-
tions may be solved by determinants. Breaking down the 4 x 4 determinant by
going down the right hand, or h, column, it may be seen that the only term
remaining is s times the usual 3 x 3 determinant, yielding U,sA.)

To obtain numerator transfer functions from Eq A-6, the usual method of
determinants (see Ref. 10) may be employed. As an example, the 6/5 transfer
function is denoted UosNeg N95

— = A-8
U 80 A (A-8)

s .
5
and UOSN% is found by substitution of the control derivatives column for the
0 stability derivatives column. For this example Xg replaces g, Zg replaces
-Ups, Mg replaces sa-qu, and O (zero) replaces =Us. Then the determinant
is solved, yielding (again in factored generalized form):

Ny = A9<s + -.1.19—1)(8 +'-1'Je_2) (a-9)
vhere the approximate factors are:
Ag = Mg
My

I M-z
T

91 M, - ﬁ
J . B ¥
T92 Mg ( 2'5 Zw) " Xy
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Similar transfer functions may b2 derived for the response of the aircraft
in u, a, and h to a control input 3. Employing the same notation used in
Ref. 2, but making each numerator consistent with the use of A alone, the
transfer functions are written in unfactored form as follovs:

A = As* +Bs3 +Cs? + Ds + E
6 .Y _as?+msvc
) A A
N 3 2
% - -AE - As +BsA+ Cs +D (A-lo)
g_.'_lf_q._As5+B82+Cs+D
) A UoA
B=E2.A55+332+05+D
) A 8h

The values of coefficients A, B, etc., for the transfer functions indicated
above are given in Table A-1, as are the appropriate factored forms. To avoid
confusion as to the proper denominator, all numerators are made consistent with
the use of A alone, e.g., sNy = As? + Bs® + Cs + D. Note that to specify either
elevator or throttle control, the appropriate subscript can be added to the
control derivative, e.g., x;,e or x;,T.

The results, which so far are straightforward and probably well known to
the reader, will now be extended to include human pilot closed-loop control of
multiple loops. The reader should consult Ref. 11 for a more generalized and
thorough treatment of multiple-loop control; the interest here is the derivation
and tabulation of those multiple-loop transfer functions relating specifically
to the carrier-approach problem.

The human pilot's controller transfer function can be denoted in general

form by 35
i

Yﬁiq = gq_e (A-11)

where 8; is the control used and g is the error in the variable controlled.

A more specific example is
1)

-]
Yaee = E (A"1 2)

and 6. represents the error in 6 that the pilot is attempting to correct. To
use this notation it has been assumed that the pilot closes a unity feedback

L2
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loop and his transfer function is called Yp, but note that this Yp is still
general in form. It can consist of any of the possible forms described in
8ection II.

Deriving the pilot-controlled 6 -» 8, system transfer function, Eq A-12
may be written

be = Y 8
Beb7e (A-13)
9€ = ec -0
and letting 6, be defined as zero,
Be = -Yp00 (A-14)

Substituting the right side of Eq A-14 into Eq A-6 and collecting terms in 6
glves

(s - X )u R e + Yo oXpl)0 € = O
-Zu (s - Zy)a +(-Ups + Yaeezbe)e o= 0 (A-15)
Mu  -(Mgs + Mgda (s - Mg + YoeeMg)0 0 = O
o Wa -Ug8 +sh = 0

Rewriting Eq A-15 in matrix form and for convenience introducing the notation
ayy for the coefficients of the motion quantities u, a, 6 results in

P -y -~ 1
811 82 a)3 * Yp 0%, 0 u
a Ua a +Y 0 a
21 2 8,626
o2z 37 "0l 0e = 0 (A-16)
az 8z azs + YaeeMse 0 6
ad o Uo .UO s - - h -l

This can be broken down, using the laws for determinants, into

81 812 243 a1y a12  Xg,
s |82 Ugsgz aps | +Ype8 |8 Uz Zs, =0 (A-17)
83 %3 833 a5 s M,

L



and this may be recognized as

Uos[A+YbeaN96J - 0  (a-18)

vhich is the closed-loop characteristic equation (i.e., closed-loop denominator)
of the open-loop transfer function

YoeoNop,
8 (a-19)

(Note that thelopen-loop transfer function N(s)/A(s) has the closed-loop
transfer function N(s)/[A(s) + N(a)] .) This may seem like a lot of effort to
prove what block diagram algebra would have shown immediately, namely that the
pilot transfer function multiplied by the airframe transfer function is the
system (open-loop) transfer function. However, the technique becomes useful
in deriving multiple-loop transfer functions by avoiding very complicated block
diagram breakdowns.

As an example, consider pilot control of airspeed with throttle and pitch
attitude with elevator. Making the appropriate pilot transfer function substi-
tutions, Eq A-6 in determinant form becomes

aqq + YGTUX% a2 a5+ Yaeexse 0 u
821 * YaquZep UoB22 823 * Yp %, O “I . o (A-20)
a5 + YapuMe, az; 833+ Y oM, O 9
0 U ~Uy 8 h
Breaking this determinant down, it becomes
(A-21)

&1 82 83+ Y5 s,
81 821 UoBzo 823 *+ Y5 0%, | * S¥anu

&5 832 a3z + Yp oM,

812 813 * Y3, 6%,
anaa &23 + Ybeezbe
832 835 * Yy dMe,

LK)
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The first determinant may be recognized as the one in Eq A-16, while the second
one may be further reduced to

be &2 xbe
UostapuMug  + SYoputege | Zop  Votoe  Zee (A-22)
Mo a2 Mo,

Introducing the notation

X5T 8.12 Xae
Mo azp Mg,

vhat this new determinant represents is the effect of control in one loop on
the zeros of the other loop—in other words, the control coupling between the
two loops. Notice that the notation employed suggests the replacement of the
u and 6 columns in the matrix equations of motion by the appropriate control
purameters in accordance with Eq A-23. Such replacement gives the appropriate
coupling transfer function whether the basic 3 x 3 or the augmented 4 x &
matrix of Eq A-6 is utilized. Notice further that there is no coupling
between two variables being controlled with the same control (e.g., Ngege = 0).
To explain, if altitude and attitude are both being controlled with elevator,
the pilot in correcting altitude simply changes his commanded pitch attitude
80 there is no coupling effect. This is borne out mathematically by noting
that if the elevator control derivatives were substituted in both the h and 6
columns in Eq A-6, the solution of the determinant would be zero since any
determinant with two identical rows or columns is identically equal to zero.

The final closed-loop characteristic equation for the multiple-loop
control of u = 8qp and 6 -» 8., or of Eq A-20, has now become

u 6

UOS[A + Ybeeuebe + Y&I'unu&r + YbeeYbT“N%ag] « 0 (A-24)
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There are two open-~loop system transfer functions which can give this closed-
loop system, and these are

. YBTu(NuaT + Ybeeﬂg.rge)
Yomu (BE)Q >8, 5+ Yo goy

(A-25)

Y, e(n%e + y%“nglge)
- (A-26)

A+ YaT“NubT

Ybea (Sqe-)u ->» Bp

The notation on the left side of the equation denotes which loop is being con-
sidered as the outer loop and which as the inner loop (e.g., in Eq A-25, 6 => B,

is the inner loop).

The longitudinal coupling numerators have been derived and their
coefficients and factored forms are tabulated in Table A-2, taken from Ref. 11.
(Note that the same convention is employed as in Table A-1, i.e., the term "A"
is the coefficient of the highest power in s and the last term is the coeffi-

cient of 8%, i.e., a constant.)

Now the previous two-loop pilot control result can be generalized by
considering potential control with five loops: 6 ~> Be; U > B, Bp; h => &g, Bp;
or 6 ~» 8e; & > Be, Op; h < B¢, &p. The closed-loop characteristic equation
can be written out by inspection, just by summing the terms of the following

-

equations:
1. The aircraft characteristic equation A

2. All of the single-loop numerators
3. All of the coupling numerators between
control loops
Once the closed-loop equation is known, the open-loop equations for
appropriate controlled variables can be written by seperating the numerator
and denominator terms for the open loop from the closed loop. As an example,
consider 6 <> Bg; u =» 8¢, Op; h <> 8¢, Op. The closed-loop characteristic

equation 1s
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TABLE A-2
LONGITUDINAL COUPLING NUMERATOR COEFFICIENTS AND FACTORED FORMS

A B .
“:':'l‘ Yo Xoy - Nor¥s, W(Zg Xop - ZorXs,)
or + W(ZagXer - Zop¥e,) + 2,(Xa Moy = Xoplee)
+ KMo Zny - MorZa,)
u 6
“Houdr |
ol 1)
Ao & Xode, %;‘-h*w%
| |
“:‘:7 'Q'M ° %- xu‘“e.?o, - ”‘1‘5')
or + 2,(XpeMer - XepMee)
* iy - o)
et 5 Zogler - Zorte
i,
or
Uk o+ 12)
or . . . " "
a h Aﬁl"%..%‘:ioxuog;(%_nui:)
"%51'
..':.:T
{
l.:e:'r "h?ﬁ - Xar, (Xa2e, - Zogfe,) (Mg + M) ZalXa Mo - Xoghe,)
+ (Xg - 6)(Zaghe, - Meyle,)
:rh . )h(xhz" - xb.’ﬁg)
"’6.% Ahu['a + 2 tlpy * “ﬁJ
t 1
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Three outer open-loop transfer functions can be written from this equation as
a function of various inner loop closures:

YE'ee( Nebe * YaT"‘Ng'l'ge * Y5'I'hngeg'lt)

(.99_) - (A-28)
€
: ,gg A YbeuNuﬁe + stNusT-l- YsehNh6e+ YbThNhﬁT

uh u h
* Yo uloqhle by * Yoqu¥dehlonse

(A-29)
u u 6 u h
( N Yeeu( Nug, * Yo Nh5l'5e) * Y&r“( Nupy + Y8e0%Nagse * Ybeh“aaae)
Q)e-ws i o+ Y + Yo pNpe *+ YoruMne * Y5 o¥acnNe. b
b - 5:’&1‘ teoNoge * Yoehnge * Yoqh hgqp ~ “5e0 5ph Oebp
h 6h u
Y - s ;
N E‘eh(N“Se * YE"I'“mf"l‘t’e) ¥ YE"I‘h(NhST * Yoe0Moety * YBe“n‘g'l‘e‘e)
(%) - 7
e —>8 A+ Y + Ys N + Y, + Yp oY ., N
u > 8,5y 8e6"0p, * Tooulug, * Yopulug, * Y8,6T8quls, by

(A-30)

If angle of attack is being used instead of airspeed, the angle of attack
multlple-loop' transfer functions can be obtained by substituting a for u in the
equations and multiplying U, times all terms not containing an a. If any loops
are not being used (e.g., no h = Bp loop), the transfer functions of Eq A-28
to A-30 can be corrected by setting the corresponding Ybiq equal to zero for
the loops not being used.
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APPENDIX B
GENERIC PROPERTIES OF SINGLE- AND MULTIPLE-1OOP FEEDBACK CONTROLS

A.  INTRODUCTION

Examination of the transfer functions of a large number (ten) of aircraft
in power-approach configuration has revealed that they all have roughly the
same stability characteristics. This held true not only for a variety of single-
and multi-engine swept wing types but also for two tailless delta configurations
(the FTU-3 and FiD-1). The conclusion may be drawn that conventional aircraft
(1.e., not rotary wing, dynasoar, etc.) have the following general stability
properties in landing approach:

1. Phugoid frequency given approximately by the classical formula

= «2g/U,, vhich vorks out to a frequency of about 0.20 rad/sec
?gr Jet carrier approach speeds

2. Phugoid damping ratio is low, {, = 0.10 t 0.05. The difference
between a damping ratio of 0.15 and 0.05 is insignificant from
the standpoint of stabilization and control requirements, so
tp = 0.1 is representative of phugold damping ratios

3. Short period frequency varies between 1.0 and 3.0 rad/sec

4. short period damping ratio is between 0.30 and 0.50 with 0.35 an
average value

The primary differences between configurations that affect the transfer
functions are thrust line angle of attack and thrust line offset from the c.g.
These affect the throttle control stability derivatives ZaT and Ma'l‘ respec-
tively, and also the airframe derivative M, (see Ref. 10) and result in wide
variations of throttle control numerators between aircraft. Effects of these
variations will be considered where appropriate. The net conclusion reached,
however, is that even these possible variations do not change the generalities
listed above.

The discussion of single and multiple loop control systems is made with the
assumption that the reader has at least a working familiarity with servo analysis
‘echniques. Most of the cases are illustrated by root locus diagrams although



an occasional Bode diagram is included. The purpose of this Appendix is a
technical justification of the rather sweeping allegations put forth in Section
III of the report, and therefore no attempt has been made to present the expla-
nations in terms other than those involving feedback control concepts.

B.  AIRCRAFT SINGLE-LOOP CONTROL CHARACTERISTICS

The following discussion of single-loop control is intended to familiarize
the reader both with the general properties of airframe pole-zero locations in
landing approach configuration and with the effects of pilot loop-closure. It
is really preliminary to the more realistic multiple-loop systems examined in
the following subsection.

1. Pitch Attitude Control, 6 —> B

The 6 -> 8, single loop is fundamental to longitudinal control. The pilot's
primary reference to the horizon in VFR flight or to the vertical gyro in IFR
conditions attests to the importance and universal use by pilots of the pitch
attitude control loop. Being employed as an inner loop, the 6 = e closure
figures prominently in the minimum approach-speed criterion developed in
Section IV. The handling qualities of this control loop waen evaluated for the
single-loop situation only (e.g., pitch attitude tracking) are dictated by the
short-period characteristics. Conversely, when employed in a multiple-loop
situation (e.g., where control of flight path is most important), then the
phugoid or long-term characteristics become dominant. It is therefore conveni-
ent to separate the high frequency and low frequency characteristics in analyzing
the 6 —» B properties as related to the carrier-approach problem:

Short-Period Characteristics (wép, ;ép). The unequalized closure indi-

cated at the left in Fig. B-1 shows a tendency for decreased closed-loop damp-
ing, ggp, a condition readily alleviated by the pilot's generation of a small
amount of lead equalization, Ty; the right-hand part of Fig. B-1 illustrates
the effect of a small Tp. Therefore, if the open-loop (airframe alone) uwgp and
{sp values are such that closed-loop demping in the order of gl', 2 0.35 18
achievable, the short-period characteristics are adequate for control during
carrier approach and do not require further consideration. (Such has been as-
sumed throughout this report.) It should be noted that the value of Kg is
selected by the pilot on the basis of attitude tracking requirements and the
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Figure B-1. Attitude Control by Pilot

aircraft's short period characteristics (even during the carrier approach con-
dition) and not from phugoid considerations. Detalled investigations of the
adequacy of short-period characteristics may be found in Ref. 5 and 6.

Phugoid Characteristics (1/'rb1 , 1/Tb2). The importance of the closed-
loop phugoid frequency u% on the minimum approach-speed criterion developed in
Section IV can be readily appreciated by reference to Eq 21 (by definition
(%)2 - 1/Tb1'1‘é2) . With an assumed zero thrust-offset and a large value for
1/Tb'r’ it is seen that the criterion can be grossly interpreted as:

" 2
Naplgrg  A(ap)®
a (B-1)
. 3Ky Kg
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The closed-loop frequency, up, is (from Eq 16)

and partial differentiastion yields:

12
S N T .
Ky ° To,Top 5 (2-2)

Therefore it is seen that for:

1

> 1, increasing Ky results in increased uxi')
“§T9]T62

—_— < 1, increasing Kg results in decreased mb

“§T91T92

(The parameter 1/0%1'9"1'92 is the static gain relative to the gain at the short
period, and was advanced in Ref. 5 as a possible source of control difficulty.
Also, the condition indicated by Eq B-2 corresponds to the speed for minimum
drag for the zero thrust-offset case—see Ref. 5, Section V-c.)

The servoanalytic situation corresponding to Eq B-2 can be conveniently
illustrated by use of the Sigme-Bode plot (i.e., 8 = =g rather than the usual
s = jw), thoroughly explained in Ref. 17. For reasons which will become clear
later, assume that the only variable parameter in Eq B-2 1s the time constant
1 /'1"‘.91 . For three selected value of 1/'1‘91 the corresponding Sigma plots are
shown in Fig. B-2. Note that the closed-loop roots, 1/T9;, I/Tgé, whose prod-
uct is the closed-loop frequency, (ml'))e, are uniquely defined by the intersec-
tion of the gain line and the curve |G(-0)| (see Ref. 4, 17). The condition of
symmetry about wp in Fig. B-2b renders the value of cnl', insensitive to gain
changes. That is, increasing K, increases ‘I/Tb2 and decreases I/Té] by the
same factor s0 that thelr product is unchanged.

In actual carrier approach-speed flight conditions, it was found that for
zero thrust offset 1 /Tg1 was the only parameter that varied appreciably for
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different approach speeds. Thus, for conditions of zero thrust-offset

and a relatively large 1 /Th'r (corresponding to a low thrust inclination), the
value of 1/’1.‘91 is dominant in specifying the "reversal" speed. For example,
under these circumstances, Fig. B-2 can be interpreted as a function of approach
speed as follows: Fig. B-2a is representative of an approach speed exceeding
the criterion minimum; Fig. B-2b represents the minimum approach speed condition
in accordance with the criterion developed in Section IV; Fig. B-2c is repre-
sentative of an approach speed below the criterion minimum.

In the general case, with thrust offset, the sbove basic considerations ap-
ply but the speed at which 1 /T91T92 = u% is no longer that for minimum drag.
Also, for appreciable thrust offsets and/or large inclinations, the effects of
1/’.[‘1',,! must be considered, as in the complete criterion developed in the text.

2. Altitude Control, h => 8¢ or h —> ¥p

Consider first the h —=» B, closure. Altitude control with elevator is
shown in the root locus plots of Fig. B-3. The only significant difference
between these two loci is the movement of the zero 1/'1&11 from the stable to

ww w“'p
sp "
Jo <L1
<
Kn Kh
wp wWp
o “» >
© | ?t - -? | |
?hs ?"u The Tns Th, Th,
Front side of drag curve(zy=0) Back side of drag curve(z,30)

Figure B-3. h -e=3, Control by Pilot
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the unstable half-plane below minimum drag speed. This changes the system from
a stable one (at least at low gains) to one unstable for all g-ins. Such
destabilizing motion of the time constant 1/5!?1,1 as a function of approach speed
can be easily understood by referring to Ref. 2, Eq 6-28, which shows that for
zero thrust offset (zp = 0),

1

Thy

ele

(B-3)

Bl

Thus the sign of 1/'1},1 changes at the speed corresponding to dD/du = 0, or the
speed for minimum drag.

The effect of a thrust offset on the h ->» 8g closure can be inferred from
examination of a more complete expression for 1/'1111 (for example, see Ref. 1,
Table III-1 and Eq 6-25), and noting that (Ref. 10) the increment in M, due to
eccentric thrust is

M,u " e e ewe— (B"l‘)

The h =» & Closure. Altitude control with throttle is depicted in
Fig. 4B-1+, again for the case of zero thrust line offset from the c.g. The

zeros near the short-period poles essentially cancel the short-period mode,
leaving the phugoid mode dominant. The locus shows that the phugoid frequency

l Up
Ty
—e- o

Figure B-k. h -> &p; Front and Back Side of the Drag Curve
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decreases sharply for low values of gain, regardless of speed relative to
minimum drag speed (i.e., the dominart wp roots are relatively invariant as
a function of speed). The reason for the difference relative to elevator
control is the replacement of the low frequency zero, 1/'1.1,1 , with the high
frequency zero, 1/'1\,,1.. The latter (for zq = 0) is approximately equal to

. N, 2 . A2 (-5)

Thy .1 Uop.. ~ Oop.p. F

vhere . L. is the angle of attack of the thrust line

For aq 1, Of the order of 0.1 red, ‘/ThT is about 10 wp and its influence on
the phugoid mode is therefore normally minor. On the other hand, the h -» &¢
zero, 1/'1‘;,1 , is in the region of zero frequency and consequently a dominant
influence on the phugoid.

The magnitude of 1/'1),1, can change drastically, however, if there exists
an appreciable thrust offset. Such effect on (all) the zeros of the h —» 8¢
can be investigated using the root locus technique on the N, transfer function
given in Table A-I on page 43 in the following manner:

a. Separate the thrust-offset dependent terms in the expressionm,
viz:

8Np = As5+Bs2+CB +D
= AsJ + Bs2 + (c - MgpZq)s
+{a + Muzogla- )] + Mep[Zaku - Zulta- al} (6

b. Set Ny = O and manipulate equation into the form 1% KG(s) = O:
[ , oo 8) (M2~ MiZey)
8 - L. e

1 - Yoo ~ A 0

A l_ 33+§52+§a+%

(B-7)
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c. The ratio M,/Mg 18 independent of thrust-offset magnitude,
therefore the numerator zero as well as the denominator
coefficients in Eq B-T7 are constants. The locus of zeros
versus the gain parameter Mg,Z‘,/A can then be constructed,
and in turn the gain parameter may be expressed in terms
of thrust-offset magnitude, i.e.

M 1
Root locus gain = —%Z—u' - zT(?:L %) (B-8)

An illustration of the thrust line offset effect on the location of
the throttle control zeros is shown in Fig. B-5. A specific airplane, the
FiD-1, which normally has zero offset was used for this example. The gains

F4D at 128 kis
Gain is 2y in ft
+2zy means thrust line under c.q.

=50
\
N\
yI.O
1! \
\
\
l -
- -25 -0 . 10
“:‘3- ¢ -2-' | | l 2 3.>

at - 4.8 ' ZT'-LO ThT

Figure B-5. Effect of Thrust Line Offset on h -» 3 Zeros
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are given in feet of offset, positive meaning thrust line below the c.g.

and vice versa. Typical values of offset for actual aircraft are between

O and 0.5 £t, which gives an idea of practical limits in Fig. B-5. Con-
ceivably, with sufficient thrust offset below the c.g. the root 1/'1‘h,1. can
exert some influence on the phugoid mode. Such an influence can be signifi-
cant on the minimum approach speed criterion developed in Section IV, i.e.,
1ts effect on d(wh)?/dKg. The other interesting point is that with suffi-
clently large values of-zp, a closed-loop problem could exist at short-period
frequencies, especially for configurations with Csp < 0.3, because of the

negatively damped wy.
3. Airspeed Control, u —> Be, or u ~>» 8p

Root loci for airspeed control are shown in Fig. B-6. The u =» b5p example
is again for zero thrust offset. These ere usually low gain loops, so their
single~loop characteristics are not very significant when multiple-loop control
is considered. The primary influence of these loops in the multiple-feedback
control case is on the zeros of the system as will be discussed later. Both
loop closures add phugoid damping (short period is almost unchanged), but
u =» 8e will increase'phugoid frequency while u -» Op will decrease it. It
should be noted that both forms of speed control are Yrim functions in the
normal or usual piloting technique. Therefore the long-term characteristics
(pbugoid) are most important to the pilot.

Ysp jo “1 %0 jo
Ky /
<

<

Ky “P wp
Z ¢ Ky
'49-F--\’L >0 c - -=0-
-50 1 1
T“i T"‘r
u—"a. u ——37

Figure B-6. Speed Control Loops
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The effect of thrust line offset on the throttle control zeros is shown
in Fig. B-7. This effect was similarly computed as in the h —» 8¢ loop
previously described (Paragraph 2), employing also the FUD at 128 knots. As
opposed to the altitude feedback case, it is evident that the speed control
zeros are hardly affected.

{ jw
— 4 F4D at 128 kis
Gain is feet of thrust offset,
positive thrust line under c.g.
-1.0 3
+1.0
/I
/ — 2
/
/
/
/ -1 |
/
/
|
- o
-3 -2 -\ | | 2

Figure B-T. Effect cf Thrust Offset on u —» 8¢ Zeros

k. Angle of Attack Control, a —> Bg, Or & -> Bp

Angle of attack control is again a low gain loop (when closed by a pilot).
The root loci are shown in Fig. B-8. Two points should be made about this
feedback loop. The first is that it is primarily a short-period phenomenon,
8ince the open-loop phugoid mode takes place at constant angle of attack.



The second point is that t:he angle of attack displayed to the pilot is always
heavily damped, or lagged, to remove the short-period oscillations. This is
primarily significant to the multiple-loop cases examined later.

jo
jw
wp

<

4 e > 4
|
Th'r

a—38, a —8,
Figure B-8. Angle of Attack Control Loops

The general effect of a —» bp is to increase phugoid damping. On the
other hand, a -» B¢ has almost no effect on the phugoid, as the zeros are
in close proximity to the poles. Since the classical phugoid occurs at
constant angle of attack, this conclusion is not surprising.

In summary, the most important properties of these single-loop closures
in connection with the carrier approach problem are their generasl effects
on phugoid damping and frequency. These carry over to multiloop systems,
but some loops are typically higher gain than others and therefore their
closures by the pilot have more important consequences. The 8 —» 8, and
h —» Be or Bp loops are the most important of the single loops since these
appear to be most universally used by pilots for carrier approach (see
discussion in Section III).
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C. MULTIPLE-IOOP CONTROL CHARACTERISTICS

The intent of thie subsection is to show generically how the results
described in Secticn III were obtained. The successive loop closures are
illustrated by root loci for the three control techniques examined. No
specific numbers are used, the results being a generalization of specific
studies such as the one given in Appendix C. The three pilot control tech-
niques discuased in Section III are the ones examined here.

1« h=> 8¢, 6 = B, uor a—>8p

Altitude Response. Using the results from Appendix A, the open-looﬁ
transfer function of elevator control of altitude, with 6 —> 8¢ and u - 8¢
inner loops, is

Yoeh (the * Yt”'1“«1“25'1‘)

h
Y8.h ('5_) = 9 u (8-9)
e e
as b ts(A * YoeoNop, * Yomuupy® YaeeYbru’fbew)

The outer loop characteristic equation is found by summing the inner loop
transfer functions, which is the mathematical process for closing the inner
loops. The summation process is as follows:

gl
c °°) ' (B-10)

A+ Ybeeueae = 66 + —_Z_

A (B-11)

vhere A' is the closed-loop transfer function which results from closing the
6 =» Be loop. (Note that Y5e9N96e/A in Eq B-10 is the 8 <> 8, open-loop
transfer function and (A + Yaeen%e) is the closed-loop equation.) This

6 =» be loop has already been discussed under single-loop control, in which
it wvas shown that the closure resulted in. & vell-damped phugoid and a high
frequency short period. Therefore the root locus of this loop closure is
the same as that in Fig. B-1.



Going now to the speed control loop, and for the time being neglecting
coupling between the 6 and u loops,

1 + YsT“N“&I.> (3'12)

LIS = A'
a Y“T“N“bT ( =

The root locus for this loop is shown in Fig. B-9. The important point to
note is that this is a very low gain loop for reasonable values of pilot
throttle gain (see Appendix C). Therefore the aircraft's phugoid and shorte
period characteristics are not appreciably changed by the pilot's throttle
movements to control airspeed. But as is shown later, this closure does
have a very important (stabilizing) effect through the numerator coupling
with the h => &, zeros (i.e., allowing stable flight on the back side of
the drag curve with h —» 8e control).

jw

wp
Kuf fe
Figure B-9. Pilot Closure of the u —» 8p Loop

The final denominator loop is the coupling between 6 and u control.

YaTuN 64
A \1 + X, + Yaeey%unbe&r = A" (B-‘ 5)
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The method of closure is the same as before, and specific cases have shown
that this too is a low gain effect, so the final inner loop denominator
characteristics are very close to those given by the 6 —» 8, single-loop
closure. This illustrates the great importance of pilot closure of the 6 loop.

The altitude control zeros are changed only by the coupling with the
u =» 8p loop. From the numerator of Eq B-9,

Yaquity
Nhae + YaTuNuaT = Nh&e (‘l + —5-::?3) (B-14)
. Ny € (8-15)
e

Closure of the loop denoted by the terms in the bracket is depicted in

Fig. B-10. It is seen that the primary effect is to stabilize the altitude
control zero, 1/'1‘h.l , which is in the unstable half plane vwhen the aircraft
is on the back side of the drag curve. For speeds above minimum drag, this
effect 18 unnecessary, therefore the u —» 8p closure is redundant and not
required for altitude control.

ju
Kll
"l'l : =3¢ GO— o
1 1 L
Thy Th, Th,

Figure B-10. Effect of u-> &p on h -> 8¢ Zeros

The underlying reason for this stabilizing effect is that the pilot
gain in the u -» Bp loop modifies the X, equivalent stability derivative.

From Ref. 2, the approximate value for 1/'.l‘h1 in terms of stability derivatives
is



———" i

MuZe, - ZuMg,
Xy + (Xg - 8) WoZo, - ZoFo,

"IT.:_,' (B-16)

and augmenting either X, or X, mukes 1/‘1}11 more positive. Closing this
coupling loop indicates the gain required of the pilot in order to stabilize
1/‘1“.11 or, alternatively, to return the aircraft to the "effective" front side
of the drag curve.

The final outer loop characteristic equation is now

h YaehNI'lse
Y — B eee———— B“
Beh (ae)e >, g (B-17)
u =» bp

vwhere A" is the result of the loop closure of Eq B-13, and Nﬁse is the
closure from Eq B-15. The effect of various pilot transfer functions on
altitude control can now be examined. But first it should be noted that this
outer loop was arrived at with only two assumptions regarding pilot control
in inner loops:
a. A "good" closure of the 6 —> 8 loop from the
standpoint of adequate saort-period damping
b. Enough gain in the u —> S¢ loop to stabilize
the back side of the drag curve condition
These seem like reasonable demands on the pilot provided he has a suitable
display of airspeed error. Note also that if the aircraft had initially been
on the front side of the drag curve, the altitude control transfer function
would have looked approximately like this even if the pilot did not touch the
throttle. Therefore this altitude control method produces results similar
to being on the front side of the drag curve'or, alternatively, similar to
automatic throttle control for flight on the back side of the drag curve.

Altitude control for a nonequalized pilot is compared to control with
lead equalization in Fig. B-11. The phugoid frequency is greatly increased
before the phugoid branch goes unstable for the pure-gain pilot. The addi-
tion of lead equalization (on the order of 1/Ty, = 1.0 = 1.5 rad/sec) will
greatly increase the bandpass of this phugoid branch.
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Figure 3-11 » Altitude Control with Elevator

Airspeed Responee. Both forms of pilot characteristics result in
reasonable control system characteristics, the lead-equalized one being the
better of the two. Having established that the altitude control is adequate,
airspeed control can be checked. The airspeed control open-loop transfer
function is

u 6 u
" Yoqu (‘51‘%T + Yaeh“geaT + Yaeesnsea.r)
Ye (ﬁ) - , (B-18)
T h = Be 8A + YSeQSN% + Yaehth
6 —> Be € ¢

80 the airspeed control zeros can be calculated from the numerator, using the
same pilot gains for 6 and h control as were used in the previous case.

"

o
Nygp = g, * Yo, nN8,8y + Y6008, by (B-19)

A typical airspeed closed loop is shown in Fig. B-12. The proximity of the
phugoid and short-period poles and zeros indicates that airspeed control with
throttle is primarily a slow first-order convergence (i.e., a trim function).
The higher the throttle gain, the faster will be this convergence. This is
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probably acceptable to the pilot if the airspeed disturbances are not too

severe.
W
PeL

8

s-Plane Wper

Representation é Asymptotic Representation

Figure B-12. u =>» bp Closed Outer Loop

Angle of Attack Response. The altitude response with an o —> 8p inner
loop is the same as with a u —» Bq inner loop if the gain is high enough to
stabilize the ‘/th divergent zero., Equation B-17 indicates that changing
either X, or Xg will stabilize 1/Ty,.

The o =» Op closed-loop zeros are positioned somevwhat differently than
the airspeed zeros, however, as shown for a typical case in Fig. B-13. The
presence of a large residue {or distance) between the phugoid poles and zeros
indicates that a moderate phugoid oscillation will be present in the angle of
attack response. But the basic response is essentially similar to the u =» Bp
discussed previously.

()
8P X o
(0] PeL
s-Plane
Representation
v I
cL T
% hy
+e' | 7‘ Asymptotic Representation
'T
hy heL

Figure B-13. @ -=» 8p Closed Outer Loop
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Altitude Response. The predominant inner loop effect is from the
8 =» Be loop. The u —» B, or a —> Be loop does riot have a very large effect
on the altitude response although it adds a little phugoid damping. The
outer-loop locus is shown in Fig. B-14. The basic similarity to the single-
loop h -» 8p is noteworthy (see 7ig. B-4), the significant change being the
added phugoid damping from the € —» 8, loop closure. The general effects of
throttle loop closure are the same, however, being characterized by an initial
decrease in phugoid damping and frequency for moderate values of pilot gain,
on the order of 0.10 in. 8 deflection per 20 ft of altitude error. It is
important to note that pilot lead cannot help this situation because the
phugoid frequencies (which dominate the response) are lower than his lead
capabilities. The advantage of this system is that it does not change its
characteristics in transition from flight on the front to the back side of
the drag curve. So the pilot always has a basically stable system to control
although one with a low bandpass.

WYY :

wp Ky

|
%,

Figure B-14. h —» 8p, Final Closure



Airspeed or Angle of Attack Response. The coupling between the
h => Bp inner loop and the u —» 8, outer loop moves the outer-loop zeros to
a position as shown in Fig. B-15. This indicates that airspeed response is

stable but slow. Guset disturbances at frequencies higher than the

already low closed-loop phugoid cannot be followed quickly. Therefore speed
control will not be precise in turbulent air, but there will be no stability
problem. The pilot will probably accept this as inevitable rather than
attempt better control, since speed control is not as critical as altitude
convrol for a carrier landing and there is no way of improving the system
using this control technique.

3
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PeL

-

Figure B-15. &-Plane Representation of Closed u-» 8¢ Outer Loop

Angle of attack response is quite similar in nature when the angle of
attack indicator is well damped to eliminmate the short-period oscillations.
The dominant characteristic again will be the phugoid oscillation which is
low in frequency due to the h —» &p loop.
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APPENDIX C
A DETAILED EXAMPLE OF THE ANALYSIS TECHNIQUE

The F4D-1 in power-approach configuration at an airspeed of 120 knots is
used for this example. The dimensional stability derivatives and aircraft
transfer functions are listed in Table C-1. The purpose of this appendix is
to illustrate how a series of loops are closed, how the gains for loop
closure are chosen, and finally how the resulting closed-loop system is

adjudged.
A. PILOT CONTROL WITH 6 —» 8e, u —> Op, h —> 8¢
1. Altitude Control

The sltitude control outer-loop transfer function, using Eq A-31 derived
in Appendix A and setting the terms Ybeu and Y5Th to zero, is

2
Y. 5, Y, NE D
. 13 eh( hbe 8Tu aea,r)
[h_e]e o o, o u\| (c-1)
-> +
u-=> 5; B[A * Yaeeneﬁe YE’T“(N“ST * Yao.eeulseaT)]
h —=> B¢ 1-a 1°%

-—

3
A convenient method for the solution of Eq C-1 to render a factored polynomial
is to perform the additions, or loop closures, in the order indicated by the
brackets. The designated order is the proper sequence to give most insight
into the synthesis of the pilot's control functions and to minimize the number
of iterations in this process. Unfortunately there is no unique set or
sequence of operations which will accomplish this for general multiple-loop

control, but there are guidelines to govern this "art." The more pertinent
of such guidelines, fairly extensively treated in Ref. 11, are:
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TABLE C-1

CHARACTERISTICS OF THE FuD-1 AT 120 KNOTS, WITH Xz, = O

K F O

= ‘0-055
= =0.103
- "20.9

= 0,000 (assumed)

= 1.0'1‘51/111

Uy = 202 ft/sec ; o

Zu =

& &

89

=0.31
-0.89
-180

=31.3

-0.23r5T/m

13.1 deg

4000 1b/in.

DIMENSIONAL STABILITY DERIVATIVES

= 0.000 (assumed)
= -0.030
= «6.07
0.000 (assumed)
= =374
= 0.000 (assumed)

S rsF

; m = U68B slugs

AIRCRAFT TRANSFER FUNCTIONS

(See Tables A-1 and A-2 for literal factored forms)

a = [2 +20.10)(0.21)s + 0.212] [62 + 2(0.31)(2.6)s + 2.69]

Ngse =

Mo by = MoXar(s + 0.66)

Mse(s + 0.0041) (s + 0.69)
- zbexv(s + 0.39)(s + 62.3)

-zse(s - 0.073)(s - 3.52)(s + 4.36)

Zog[s(s + 0.71)(s + 1)

“Zg Xg, (5 - 3.8)(s + b.5)

uougeg'T = (MogZog - MogZo,) (s + 1.4)

= (Mg Zap - MagZs,) (s + 1.4)

- Xg (s - 0.033)[s2 + 2(0.31) (2.6)8 + 2.6

~Zgy(s + 1.40) [s2 + 2(0.18) (2.5)s + 2.59

T

*Mhis case study was made before fthe importance of the xae term for the
F4D-1 was discovered.
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a. Relative bandwidths of the several possible loop closure
sequences—~The bandwidth of a given loop closure is
measured roughly by the crossover frequency, w,. (If
more than one crossover frequency exists, the largest
is taken as “’c') The general sequence of loop closures
in a multiloop system should then be in order of

L] L[] > L]
decreasing w, €8, “einner loop “outer loop
b. "Command" loop—~Ordinarily made the last, or outer, loop.

In the present case the 8 loop which must provide adequate control of short-
period frequencies has the highest crossover frequency (i.e., is "tightest")
and is the obvious choice for the first closure. The h loop represents the
command function and is therefore last to be closed, leaving the u loop as
the intermediate closure.

Implementing this philosophy, we commence with closure of the high fre-
quency § => B loop or solution of the bracketed term, 1-a, which may be
rewritten in the more conventional form

Yy _oNe
_65__2) a A (c_e)

A+YaeeN95e = A(‘I + A

The factors of A' are plotted in Fig. C-1 as a function of pilot gain, Kaee:
and various values of pilot lead equalizations, Ty. A pilot reaction time
delay of T = 0.2 sec is assumed throughout as represented by its magnitude
and phase characteristics in the s-plane through the relationships

megnitude = e '°

phase angle = «Tw

Vertical lines in the s-plane correspond to loci of constant e e magnitudes;
similarly, horizontal lines are locl of constant e T8
7 = 0.2 sec, a horizontal line of constant Jw = 5 has a phase contribution

due to e"0+28 of -57.3 deg for any value of 8 along that line). A phase-
-8

phase (e.g., for

amplitude grid so constructed enables simple inclusion of the e contri-
butions to the total system phase amplitude as & function of the complex
variable, s. Since a constant value of T is assumed, the phase-amplitude

grid is the same on every plot which contains a Y transfer function.
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Figure C-1. Closure of tne Piloted 6 -> 8¢ Loop
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Assuming that desirable short-period control corresponds to a closed-loop
damping, ;;p 2 0.35 (Ref. 5, 6 ), the required pilot lead equalization, 1/Tp,
is approximately 1.5 as shown. lLoop closure gain is then determined by inter-
section of the { = 0.35 radial with this selected short-period locus at the
highest frequency permitted (i.e., tightest control). Phugoid and reaction
delay closed-loop roots, ay and 1/Tp, are then specified by this gain value.
Notice that the order of A' as given by the closed-loop roots (symbol 8)
shown in Fig. C-1 is higher than that of A becausc of the additional 1/vg
first order. The corresponding factor, s+1/tg, 18 only a first approximation
to the closed-loop factors emanating from the open-loop e""® vecause the
latter is transcendental in nature. If e~%8, itgelf, is also approximated by
a single first-order factor, the 1/-ré factor is essentially cancelled. To
show this, rewrite Eq-C-2 with Yg,0 Biven simply by €778, i.e.,

TS
e'A + Ngse

A' = A+ e_TsNgbe = (0‘3)

eT8
The numerator of the last expression to a first approximation contains the

factor 8 + 1/}, as in Fig. C-2. The denominator, to the same degree of

approximation, becomes
e = 1+ = 1(s +-3,E) (c-k)

For the value of T = 0.2 actually used, the cancellation is almost "exact" in
the case at hand.

The next closure (1-b) simply involves factoring since all the terms are
now specified. That 1s, substituting the numerators of Table C-1 and the Yaee
equation determined from the previous closure into the 1-b bracket of Eq C-1
yields

" {1 o (=318 (<1.16)e™0"2%(0.667s +1)(s + 0.66) (c-5)
W
82 | (s - 0.033)[s2 + 2(0.31)(2.6)s + (2.6)7]

The factors of Eq C-5 are computed by the conventional root locus technique
as is shown in Fig. C-2; the closed~loop poles, as denoted by I, are the

factors of Eq C-5. Here, again, the near-cancellation of the added s+ 1/15
factor as in the closure above will occur. Notice also that the root locus
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gain, K, for this closure corresponds exactly to that of the previous closure
(Fig. C-1). Such correspondence holds approximately for all simultaneous
closures of multiple loops (Ref. 11) and exactly in the present cases, and is
an invaluable aid in conducting the 1oop closure sequence. It can easily be
checked by comparing the high frequency (i.e., 5 —» =) behavior of the open
loops. Thus, for example, for the closures indicated as 1-a and 1-b in Eq C-1
(values from Table C-1),

2
YaeoNeae Y5e6Mpe 8 Y508
Closure 1-a: — -
8 = ®

-
Ja) gt 82
6u
Y5eewf’e5'1‘ steG 5ex5Ts Y5e9 Se
Cl.osure “_b: e —————t—— = = 2

Nu x5 85 8

ST T

§ =» o

Similarly, for closures 2 and 3,

Ys uME & Yomu(- )2y
Closure 2: 1 e’T = Squ Zbex&r - M
Nb& .Za 35 8
e 8 ~» x e
6 u
YBTu(Nuar + Y5e9N5e5T) Y5TuX5T5u Y&I'uxﬁT
Closure 3: 2+ Yo ot = ) =
5e 6g 8
€ 8 ~>

Closure 2 is based on the stability problem associated with 6 > 8¢,
h => 8¢ control and the remedying effects of the u =» Bp loop which are
qualitatively described in Appendix B, Paragraphs A-2 and C-1, respectively.
Rewriting the bracketed numerator terms of Eq C-1 in a factored form and sub-
stituting values from Table C-1, we obtain the expression

Yogu(Xog) (8 = 3.8)(s + 4.3)

¥nge * YaTul‘gegT = Mg, (c-6)

' (0.0 (- 3.52) (s 4+ 5.30)
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h v . .
} Roots of (N"a, + YS; v N,' &) 0, corresponding to 6 db gain

margin for stabilizing |/ 7" . Pilot's gain corresponding to this
closure is K; , =.0I76 in/fi/sec.

K =0./5 Jv

Figure C-3. Closure to Effect Stabilization of the Altitude Control Zero

Assuming a pure gain pilot model (i.e., YBTu = K&rue'o'as), the locus of

roots of Eq C-6 is shown in Fig. C-3. Clearly, the simple gain closure is
sufficient to move the root 1/‘I\;1 into the left-half plane; employing a factor
of two in gain over that just required to move the root 1/‘1}11 into the stable
region, the factors of Eq C-4 are as noted by the symbol I . Pilot gain,

KbTu: corresponding to this value of closure gain is determined from the
root locus gain, K, through the relationship

Kogu ™ x_g_m = 0.0176 in./ft/sec

This value should be considered a conservative minimum for altitude control
stability. Obviously the pilot will not close the u -» Op loop solely on this
basis, since higher values of KSTu may be dictated on the more probable

basis of maintaining airspeed errors which are acceptably small. Higher

Kb.ru than that indicated above would not appreciably change the altitude
control dynamics; however, lower values could result in altitude control
instability.
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Closure 3 in Eq C-1 follows in the same manner as closure 1-b since all of
the quantities are now specified. By combining the factors of closure 1-a and
1-b (from Fig. C-1 and C-2) and including the pilot equation YbTu (from
Fig. C-3), the terms in brackets of Eq C-1 can be written as

0.0176 Xgn(s+ o.%)NEa*r 2(0.34)(5.34)s + (5-5“)2]
NI}@ +2(0.78)0.2%)s + (o.a;)aj Ea + 20.3)(5.35)8 + (5.55?]

(c-7)

Here, to keep the order correct, the s+5 terms corresponding to the -1/tg
factors are cancelled. Strictly speaking, this manipulation is not mathe-
matically valid, but it is a reasonsble approximation in this case. Probably
a better procedure in general would be to use the Pade approximation,

[A + YbeGN%J;‘ +

oo
+]
Ala

throughout the entire analysis. This apparently crude representation is a
good approximation to both amplitude and phase for frequencies less than
about 4 rad/sec. Furthermore, it allows all cancellation effects to be
accurately made within the limits of the approximation form. The use of
"exact" e~'° appears, on the other hand, to be quite inexact as regards
cancellations. Nevertheless, the present example will continue with the
"exact" representation to avoid confusion.

The factors of Eq C-7 are determined from the loci of closed-loop roots
versus KaT“ as shown in Fig. C-4. Since the pilot's gain in the speed loop
is very small (i.e., K&l‘“ = 0.0176), this closure has essentially no effect
on the denominator of Eq C-1. Therefore the factors of Eq C-7 could have
been validly assumed identical to those of Eq C-2; and Eq C-1 could have
been factored with two closures instead of four. The important point to
note from Fig. C-4 is that for higher values of Kapu

a. The short-period roots are largely unaffected
b. There can be a large increase in phugoid damping
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Figure C-4. Effect of the Speed Control Loop Closure
on the Altitude Control Denominator

Equation C-1 can now be written in factored form from the root locations
found in Fig. C-3 and C-4.

(c-8)
[hJ Y80h -2y _(8+0.075) (5 - 3.6) (s + b. 1) [Br24)
h_ =
3 --: g; 5 (7~28) [82*-2(0-82Xo.31)s + (0'3"3@2*2(0-5715338* (5-532]
h —> 8

Equation C-8 is the total open-loop h —» 8, control transfer function with
both 6 ~» Be and u =» 8p loops closed. Altitude tracking performence 1s
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obtained by closing thie last loop as in Fig. C-5, which is shown for a pure
@ain pilot characteristic (i.e., Ygeh = Kbehe‘°°25). The closed-1oop h —> Be
roots as a function of Ks  are shown, as are the amplitude-phase character-
istice of the open-loop h —» B function. The region of probable pilot gain
. adjustment shown in that figure is such that phugoid damping rapidly deteri-
orates with increasing gain while frequency rapidly increases. Whether this
. region represents adequate performance for the approach will depend on the
nature of the system disturbances, i.e., atmospheric turbulence (including
carrier-induced effects) and ship's motion. For disturbances of frequency
content well below that of the probable closure region, altitude tracking

performance will be adequate.

In conclusion, the 8 =» B,, u ~» bp, h —» & control technique appears
adequate for control of altitude during carrier-approach conditions and it
circumvents the stability problem normally associated with h -=> 5, control
for flight on the backside of the drag curve.

2. Airspeed Control

While the pilot's primary task is to control altitude, an important
secondary task is to control airspeed. For this secondary task, u —>» &p is
now the outermost loop with both 6 —» b¢ and h = B¢ as inner loops. The
u control problem as seen by the pilot, when at the same time controlling
6 and h with 8, corresponds then to (‘15eu = 0 in Eq A-30).

Yopu %S[ Nug,, + YseeNgegT] + Ya,nﬂgeg.r ‘

iy = (c-9)
[“‘]g + o, Lo + Yo diog,] * Youtho,
e n

u—=> bp

Evaluation of tkbe factors of Eq C-7 is facilitated by recognizing that
the indicated additions enclosed in squared brackets have already been come
puted. Taking first the numerator, factors of the square-bracketed term were
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determined previously in Fig. C-2; these factors are combined with the remain-
ing term through the root locus technique in Fig. C-6, yielding the complete
numerator factors as shown. Note that the gain variable of the locus is Kbeh
and the value selected for closure is that consistent with Fig. C-5 for a

;;“ = 003§o

The denominator factors of Eq C-9 are similarly determined. The factors
of the square-bracketed term were determined in Fig. C~1 and when combined with
the remaining tem, as is done in Fig. C-7, yield the denominator factors shown.
Note that the gain variable in Fig. C-7 is also Kseh’ and that the root locus
gain for the selected closure must be identical to that used in Fig. C-5 and C-6.

Collecting the factors from Fig. C-6 and C-7 yields the factored open-loop
u - 8,1. transfer function

[ j " 5 (3ng) [62 + 2(0.4)0.275)s + (0,277 [62 + 2(0.35) (53408 +( 5.35)?]
= = Y5nuXs
P Be ™ (6 - 0.025)8™g)[s2 + 2(0.3) (047 + (0472 [82 + 2(0.36)(5Me + (54)2)

. (c-10)

The significant dynamic characteristics shown in Eq C-10 very nearly reduce to
the easily controlled element K/s. The pilot accordingly should find closure
of the speed loop a very simple task.

For that value of K&ru assured to siabilize altitude control, the closed-
loop characteristic factors of the speed loop must be identical to those of

the altitude loop computed previously in Fig. C-5. (Note that the closed-loop
u =» Bp denominator, given by the summation of open=-loop numerator and denomi-
nator terms in Eq C-9, is identical to the similarly computed closed-loop

h = 8, denominator from Eq C-1 .) The closed-loop speed control equation can
therefore be written directly by collecting the numerator and denominator
factors from Fig. C-6 and C-5, respectively, which gives the following

polynomial:

[\::] [s2 + 2(0.44)(0.2758 + (0.275)2] [s2 + 2(0.35)(5.34) 8 + (5.35)°]

- . oy

b (s + 0.025)[52 + 2(0.36)(0.5)s + (0.5)][s2+ 2(0.375)5:5)e + (5.5P]
4> o (Cc-11)
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Closed-loop speed control is characterized by a slow first-order convergence,
indicating that the selected value of KaTu could have been made larger. Since
a higher speed loop gain improves both altitude and airspeed tracking, the next
logical step is to recompute the altitude and airspeed closed-loop dynamics with
a higher KbTu' Buch a reiteration process, while worthwhile from the standpoint
of optimized design, is not necessary to reach the over-all conclusions:

a. For the minimum airspeed loop gain assumed to stabilize
altitude tracking, adequate altitude control results,
and the speed loop is stable—but very sluggish.

b. For higher airspeed loop gains better altitude band-
widths result and afford a much faster responding
airspeed control.

c¢. The assumed piloting technique provides adequate control
for carrier approach of the FiD airplane regardless of
flight speeds above or below that of minimum drag,
although the speed loop closure is not required for
speeds above that of minimum drag.

B. PILOT CONTROL WITH 0 —> B¢, h ~> B¢, @ ~> Bp

The previous example shows that good system characteristics are achievable
with throttle control of airspeed. But current Naval practice is to use angle
of attack rather than airspeed as a measure of the approach situation vwhich is
less subject to variations due to weight and external configuration. It is
therefore pertinent to examine the use of o = 5'.[' (rather than u —» BT) as an
alternative technique. As will be shown below, a —» &p for proper instrument
dynamics is essentially equivalent to u —=> Op and there is no essential dif-
ference between these feedbacks, assuming both are equally accessible to the
pilot.

Because control of the phugoid appears to be the central problem in
properly executing the approach, angle of attack fluctuations at short-period
frequency must be damped or lagged out of the a display. In effect the B
dynamics as displayed must be similar to those of u&r This requirement is
also consistent with the use of the a reading as an indication of trim speed,
i.e., steady state, not fluctuating, angle of attack information is deeired.
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Normally, then, filtering of the short-period a response is provided in the
indicator itself. The effect of this filtering is to make the a indicator an
equivalent airspeed indicator calibrated in degrees instead of knots. The
only difference, then, between the a —> Bp and u —» Bp as an inner stabilizing
loop is the required minimum gain for stabilizing the h -» B, closure.
Paralleling the procedure adopted previously, the a —» &p closure gain require-
ment is computed below.

The altitude control numerator with 6 —> &, and o = 3p as inner loops can
be derived from Appendix A and is stated as Eq C-11.

[\
[thg-l 0> o, Yoeh (UoNhae + Y&Puge&r) (c-11)
a => 5p
Recalling from the previous example that for stable altitude control non-
negative low frequency numerator zeros are not permissible, sets the gain temrm

of nga' The roots of Eq C-11 versus the pilot's gain l(b,lq (assuming that
Y&Ia. = Kblae'o'as) are shown in Fig. C-8. Again using a gain twice that

h a .
| Roots of /&ON”S, + "a, a Ns, s, [ for twice
the gain required to stabilize [/ 7,')". Kc=l2

o
—-2
R
h h
PN, NS | yqubt
-5 -4 -3 -2 -l, /! 2 3.1 4
9 7,
. [

Figure C-8. Effect of a -» 3p on Altitude Control Zeros



required to move the root I/Tf,l into the left-half plane, the resulting closure
corresponds to a root locus gain of X = -1.2. The required minimum pilot gain
can then be computed from the relationship:

(MpZey - Mog?e,)
K = KBTG' -%e (0'12)

Substituting values from Table C-I and the specified root locus gain, we

obtain
- -1.2)(3.
ol (7. iéj (57"‘?'}"‘ deg}md')’

= «0.089 in./deg

Kg

8ince a one-degree change in angle of attack correspondingly changes the
trim speed of the FiD-1 approximately four knots, the required throttle motion
in tracking angle of attack is approximately equal to that in tracking airspeed
for equal errors in airspeed.

In conclusion, the angle of attack indicator may be substituted for the
airspeed indicator to produce results comparable to the 6 =» 3g, u <> Bq, h => 8,
control technique described previously.
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